Development of thin film photovoltaic cells based on low cost metal oxides by Shen, Yonglong
 DEVELOPMENT OF THIN FILM 
PHOTOVOLTAIC CELLS BASED ON 
LOW COST METAL OXIDES 
 
By 
 
Yonglong Shen 
 
A THESIS SUBMITTED IN PARTIAL 
FULFILMENT OF THE REQUIREMENT FOR THE 
DEGREE OF DOCTOR OF PHILOSOPHY 
 
in 
 
INSTITUTE FOR RENEWABLE ENERGY AND 
ENVIRONMENTAL TECHNOLOGIES 
 
 
 
UNIVERSITY OF BOLTON 
September 2014 
Abstract 
I 
 
Abstract 
The major market barriers to the use of photovoltaic solar cells are high cost 
and long payback time of conventional technologies, based largely on the 
silicon material. In order to overcome the environmental problem resulting 
from the consumption of fossil fuels, all western countries are required to 
impose heavy subsidies to encourage the use of solar cells in the reduction 
of carbon consumption; thereby making them highly unsustainable. 
Therefore, it is necessary to develop solar cells based on low-cost metal 
oxides with large natural resources. 
 
The objective of this programme is to investigate the effects of doping on 
the structural, optical and electrical properties of low-cost metal oxides, such 
as doped ZnO and copper oxides (CuO and Cu4O3). These are synthesised 
via sputter deposition and thermal oxidation method in air.  
 
Al doped ZnO is an n-type direct semiconductor with a band gap of around 
3.5eV. Its crystalline structure is wurtzite, which is deposited widely by the 
RF reactive magnetron sputtering technology. In my work, the Al doped ZnO 
thin films were deposited by sputter with metal and ceramic targets. On the 
one hand, the influence of RF power on the structural, electrical and optical 
properties of Al doped ZnO thin films were investigated when they were 
deposited with metal targets. Conversely, the influence of O2 flow rate on 
the structural, electrical and optical properties of Al doped ZnO thin films 
was examined when they were deposited with ceramic targets. 
 
CuO is a p-type indirect semiconductor with a narrow band gap of 1.0-1.4eV. 
Its crystalline structure is monoclinic crystal system. CuO nanowires (NWs) 
were fabricated by the thermal oxidation method in air. It was found that 
CuO NWs not only grows on Cu sheets, but also on the Si, FTO, Al doped 
ZnO and glass substrates. For the growth of CuO NWs, the expanding 
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parameters should meet the following requirements: growing temper- 
ature: >390°C and growing duration: ≥6hrs. The peeling-off of the CuO NWs 
on Cu sheets resulted from the formation of Cu8O and Cu64O between the 
Cu sheets and Cu2O layer. 
 
The electrical properties of a single CuO NW were measured using a nano 
probe station. The contact behaviour between a CuO NW and metal 
electrodes (Au and W) was schottky. The electrical resistivity of a CuO NW 
depended on the diameter of the NW. The contact behaviour between CuO 
NWs on Cu sheets with silver paste top electrodes was schottky as well. A 
simple PV cell based on CuO NWs-PCBM p-n heterojunction was fabricated, 
and the short circuit current, open voltage and fill factor of the PV cell was 
also measured. It indicated that CuO NWs can be utilized to fabricate 
diodes and PV cells. 
 
Copper oxides thin films were deposited by RF reactive magnetron 
sputtering technology. The phase structure of copper oxides thin films 
depended on the sputtering parameters. When the thin film was deposited 
without a bias power, only CuO was detected in the copper oxide thin films. 
The electrical properties of CuO thin films depended on the O2 fraction 
during the sputter process. The current-voltage (I-V) characteristics of CuO 
thin films with Cu electrodes demonstrated that it was influenced by the O2 
fraction during the sputter process. 
 
Moreover, Cu4O3 is a p-type indirect semiconductor with narrow band gap of 
1.0-1.4eV and its crystalline structure is tetragonal crystal system. When the 
copper oxide thin films were deposited with a bias power, only Cu4O3 phase 
was detected. Its structural, optical and electrical properties were studied. 
The optical band gap of Cu4O3 thin film was 1.37eV. Hall properties of 
Cu4O3 thin films were 1020cm-3, 10-2cm2·V-1·s-1 and 10-1Ω·cm. The Cu4O3-Al 
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doped ZnO p-n heterojunction demonstrated excellent rectifying 
performance, indicating that Cu4O3 is a good candidate for fabricating 
diodes and PV cells. In addition, Cu4O3 thin films were annealed at different 
temperatures in air. Furthermore, I studied the influence of annealing 
temperature on the structural, optical and electrical properties of Cu4O3 thin 
films. 
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Chapter 1 Introduction 
1.1 Introduction and motivation  
As we know, great achievements of human progress have been made since 
the Industrial Revolution; however, global development and human activities 
have also yielded a series of environmental problems. On the one hand, 
global warming is from the result of the reduction of green plants and an 
increase in waste gas given off from cars and factories and fossil fuels 
consumption; leading to the devastating environmental effects of climate 
change. Conversely, non-renewable energy has been decreasing; therefore,, 
research into new replaceable energy is urgent and vital. Currently, the 
challenge is how to tackle the energetic and environmental crisis to keep 
sustainable society developing. At present, in order to resolve the problem, 
developing the environmental cleaning materials and new energy, including 
wind energy, water energy, tidal energy, biology energy, solar energy, and so 
on, has been paid worldwide attention. Among these new energies, most can 
be used only in a certain place, with the exception of solar energy. In addition, 
solar energy is clean, renewable, low risk and free from environmental 
contaminants. Therefore, solar energy is the most likely future candidate to 
replace traditional stored energy, mainly fossil energy, in the form of natural 
gas, oil and coal, as well as nuclear energy[1].  
 
One of the most important approaches of using solar energy is converting it 
to electrical energy in the form of voltage and current. This energy conversion 
approach was developed as a result of the photovoltaic phenomenon 
observed by A.E. Becquerel in 1839[2]. After that, more research on solar 
cells was performed, but the conversion efficiency was quite low (~1%)[3]. In 
the subsequent decades, there was not any explicit progress until the first 
practical solar cell device was developed at Bell Laboratories in 1954[4]. 
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Since then, both theories of solar cell and its application have been proposed 
and improved. Solar cells have a wide, hopeful prospect because of its 
advantages of being renewable, low-cost and free from contamination, etc[5, 6, 
7], compared with traditional energy consumption. 
 
Until now, a series of solar cells have been developed and utilized in our 
daily life. On the one hand, according to materials in the solar cells, it can be 
divided mainly into Si-based solar cells[8], Cu (In, Ga)Se (CIGS)-based solar 
cells[9], dye-sensitized solar cells (DSSC)[10], organic solar cells[11], metal 
oxide-based solar cells[12], CdTe solar cells[13], and so forth. On the other 
hand, according to solar cells’ developing history, it can be divided into four 
generations[14]. Si-based solar cells represent the developing of solar cells in 
the 1st generation and have gone into mass production for commercial 
applications because of its advantages, such as prefect design concept, high 
conversion efficiency(up to 27.6% [15]), successful manufacture process. 
However, presently, the major market barrier to the use of Si-based solar 
cells is the high cost and long payback time for the conventional technologies 
and environmental problems during production. In previous decades, in order 
to fabricate new solar cells with the discovery of new preparing technology 
and the improvement of relevant theory, thin films solar cells based on CdTe, 
GaAs and CIGS are researched fully in 2nd generation and achieve high 
efficiency (up to 30%[16] in the single junction solar cells). However, their 
commercial applications are restrained because of the high cost incurred by 
using rare elements (such as, In), and the toxicity and environmental 
problems created during the production process. In the last 10 years, solar 
cells based on new concept are prepared as 3rd generation solar cells, 
including organic solar cells, DSSC, solar cells with nano-structure, quantum 
dot[17], tandem junction solar cells[18], etc. The highest record efficiency of a 
DSSC is up to 11%[19], lower than that of Si-based solar cells and GaAs solar 
cells. Finally, the 4th generation solar cells based on inorganics-in-organics 
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offer improved power conversion efficiency to current 3rd generation solar 
cells, while maintaining their low-cost base[20].  
 
In general, the main purpose of new generations solar cells is to decrease 
costs to well below the $1/W level of the 2nd generation solar cells to $0.5/W, 
potentially to $0.2/W or better, by increasing efficiencies significantly but 
maintaining the economic and environmental cost advantages of thin-film 
deposition technologies[21]. One of the most promising approaches is 
fabricating high-efficiency solar cell devices by using low-cost semiconductor 
oxides of large natural resources.  
 
In previous decades, copper oxide generated great interest initially because 
of its high Tc superconductivity as the basis of most high-Tc 
superconductors[22, 23]. There are two important copper oxides: (1)Cu2O has a 
cubic crystal structure and is a p-type  direct semiconductor at most time with 
a band gap of 2.1-2.6eV[24, 25, 26]; (2)CuO has a monoclinic crystal structure 
and is a p-type indirect semiconductor with a narrow band gap of 1.0eV-
1.7eV[27,28,29].  
 
CuO thin films have received more attention in recent years due to their 
electrical and optical properties [30,31,32], in addition to low cost and nontoxicity. 
This leads to a wide range of potential applications such as gas sensor [33], 
catalysis[34] and photovoltaic cells[35,36]. Previous work[33, 34, 37, 38] on CuO has 
focused largely on its catalytic and gas sensitive properties; however, 
photovoltaic cells based on CuO received more attention due to their 
excellent photovoltaic properties[28, 36] and ease of fabrication[39, 40]. The band 
gap of CuO is close to that of Si[41] and GaAs[42], matching the solar spectrum 
more closely; therefore, the achievable solar conversion efficiency could be 
up to 33% for a single junction solar cell with a band gap close to 1.4eV[43]. 
Consequently, CuO can be used as one of the most promising candidates[44] 
to replace Si due to the aforementioned advantages. The most important of 
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these is the systematic theoretical study for CuO thin film (Metal oxide) solar 
cells, which demonstrates an ideal CuO thin film solar cell that has a 
theoretical efficiency up to Eff 26.82%[45]. However, at present, the EFF of 
solar cells based on CuO thin film is only 0.41% because of their relatively 
low carrier concentration[36]. Electrical and optical properties of CuO thin film 
depend strongly on its structure; hence, they are related to its fabricating 
conditions. Thus, in order to achieve higher efficiency of solar cell based on 
CuO thin film, it is important first to investigate their intrinsic relationship. 
Currently, CuO thin films are fabricated by RF magnetron sputter 
technique[46], wet chemical synthesis[47], thermal evaporation[28], sol-gel[48], 
etc. Compared with these fabricated methods, RF magnetron sputter 
technique is one of the prospective methods because of its advantages of 
low-cost, easy control for thin films growth and suitability for large-scale thin 
films deposition. However, previous work has studied the structure and 
physical properties of CuO thin films under different RF magnetron sputtering 
conditions[49, 50], but not systematic; particularly, the electrical properties of 
CuO thin films. O2 flow rate plays an important role in structure of CuO thin 
films while sputtering; thereby affecting its electrical properties. 
 
Another important parameter during sputtering processing is bias power. 
Therefore, this study investigates the effect of bias power on properties of 
copper oxides thin films. After adding bias power, the thickness of CuO thin 
films is further reduced and carrier concentration increases remarkably, even 
up to 1020cm-3. Thereafter, its carrier concentration decreases to 1018cm-3 by 
annealing thin films at 400°C. 
  
With the exception of CuO thin films, another important CuO structure is 
nanowires (NWs). CuO nanowires (NWs) have had the same applications 
with CuO thin films, but are used particularly in nanoscale electronic[51,52], 
self-cleaning[53] and as field emission electron sources[54]. This is due to the 
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low cost, easy fabrication, nontoxicity, excellent electrical and optical 
properties[55, 56], and high Young’s modulus[57]. Consequently, CuO NWs 
have multiple potential applications. Presently, one of the main application 
fields of CuO NWs is used as a gas sensor as a result of its perfect sensor 
response property (up to 400% sensor response at a working temperature of 
250°C[58]). Therefore, it is important to investigate electrical properties of CuO 
NWs. For instance, the contact behaviour is Schottky between a single CuO 
NW and Au electrode measured by conductive Atomic Force Microscopy 
method[59]. Conversely, the contact behaviour is Ohmic between CuO NWs 
and Pt electrode[58].  
 
CuO NWs can be fabricated by sol-gel route[60], wet chemical route[61, 62], 
screening[28], thermal oxidation in air[63], and so forth. Among them, thermal 
oxidation method in air has been used widely to grow CuO NWs on copper 
sheets because of its advantages, such as low cost, easily preparation, non 
contamination. However, it is difficult to comprehend the CuO NWs growth 
mechanism using thermal oxidation method. Recently, the CuO NWs’ growth 
mechanism on Cu sheets under thermal oxidation conditions has been 
further discussed and the subject of intensive study. The driving force of CuO 
NWs’ growth is the high compressive stress due to the volume change 
associated with the solid-state transformation at interfaces Cu/Cu2O[64] or 
Cu2O/CuO[65]. Two researches[64, 66] indicate that the CuO NWs are formed 
as a result of the diffusion of Cu+/Cu2+ across grain boundaries and/or 
defects in Cu2O layer. 
 
Currently, most CuO NWs are grown on copper substrates and are easy to 
peel off. This has limited the development of photovoltaic devices based on 
CuO NWs. Therefore, it is necessary to grow CuO NWs on different 
substrates. However, so far the CuO NWs growing on different substrates 
have not yet been investigated fully, with the exception of CuO NWs growing 
Chapter 1: Introduction 
6 
 
on Si substrates[67] and Ti-Si sbustrates[68]. The literature[68] reveals that the 
thickness of copper thin films deposited on Si substrates is one of the key 
parameters of CuO NWs’ growing process and the optimized temperature for 
CuO NWs growing is 400°C. However, little investigation has been 
conducted into the electrical and optical properties of CuO NWs. Meanwhile, 
the mechanism of CuO NWs fabricated by annealing Cu thin film on different 
substrates differs slightly from that on Cu substrates, and further discussions 
are necessary.  
 
In the present study, we discover that CuO NWs’ layer peeling off from Cu 
sheets, i.e., CuxO (x=8,64, etc) can form between Cu sheets and Cu2O layer. 
It is well known that Cu64O is an orthorhombic crystal and its volume is 1667; 
roughly 22 times than that of Cu2O. We have solved this problem by 
preparing CuO NWs on other substrates, such as FTO, Al doped ZnO, Glass 
and Si, which will fully extend CuO NWs’ application field, especially when 
used as photovoltaic materials. Moreover, we obtain the electrical properties 
of CuO NWs on glass substrates. When the heating time is greater than 
20hrs, the carrier concentration is increased to 1017cm-3 and then maintained 
at the order of magnitude. This indicates that CuO NWs are good candidates 
for photovoltaic materials used to fabricate solar cells. Significantly, we 
measured the electrical properties of a single CuO NW as well, including 
contact characteristic, resistivity and resistance. Consequently, we make 
clear the interplay between resistivity of a single CuO NW and its size 
(diameter and length), and that between carrier concentration of CuO NWs 
and heating time during CuO NWs growing processing. Furthermore, the 
optical band gap of CuO NWs on glass substrates is 1.3-1.4eV, which will 
contribute to the  design of new solar cells based on CuO NWs. Finally, a 
simple solar cell based on CuO NWs was designed and fabricated, with the 
structure of FTO/CuONWs/PCBM/ Electrolyte (I3+/I)/FTO. 
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CuO can be used to fabricate metal-oxide solar cells as well as p-n junction 
solar cells. For the p-n junction solar cells, CuO layer is normally used as the 
absorbing p-layer, and in the mean time, n-layer candidates are TiO2 and Al 
doped ZnO[45]. For this study, I selected Al doped ZnO thin films as n-layer 
and fabricated Al doped ZnO thin films with different electrical properties by 
adjusting the Al content. In addition, the conductive Al doped ZnO is termed 
AZO, which is a transparent conductive oxide (TCO) material. At present, 
TCO is employed widely as electrode materials in a variety of optoelectronic 
devices, including photovoltaic cells[69], organic light-emitting diodes 
(OLEDS)[70] and flat panel displays[71]. The most widely used TCO material is 
indium tin oxide (ITO), due to its high conductivity and optical transparency 
over visible wavelength[72]. However, most recent research focuses on the 
alternative TCO materials due to the high cost and toxicity of indium. One of 
the most potential alternative materials is n-type Al doped ZnO, which has 
large resources, lower material cost, excellent optical and electrical 
properties, high thermal and chemical stability and non-toxicity [73, 74, 75]. 
Currently, various techniques have been utilized to prepare AZO thin films, 
such as the sol-gel process[76], DC and RF magnetron sputter[73, 77] , pulsed 
laser ablation[78], molecular beam epitaxy[79]. Of these, RF magnetron sputter 
is regarded as the most promising method of fabricating AZO thin films 
because of its low cost, good interfacial adhesion, large coverage area, high 
film density, high uniformity in thickness and composition, and industrial 
ability[73, 75, 80]. Therefore, this study adopts the RF magnetron sputter 
technique is used to fabricate Al doped ZnO thin films and AZO thin films as 
electrodes.  
 
For this research, I fabricate Al doped ZnO thin films by RF magnetron 
sputter method with two different targets: one is a pure Zinc target combing a 
pure Aluminium target and the other is a ZnO-Al2O3 ceramic target. On the 
one hand, when metal targets are used to fabricate Al doped ZnO thin films, 
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the effect of Al content on the electrical and optical properties of Al doped 
ZnO thin films is investigated by adjusting both powers of Al target and Zn 
target. With the increase of Al content in the thin films, its carrier 
concentration rises from 1013 to 1018cm-3, but resistivity is reduced from 104 
to 100Ω·cm. Meanwhile, its maximum transmittance is also varied in the 
range between 95% and 98%, but its optical band gap is altered significantly 
from 3.22eV to 3.55eV. Conversely, when a ZnO-Al2O3 ceramic target is 
used to fabricate Al doped ZnO thin films, that the effects of O2 fraction on 
the electrical and optical properties of Al doped ZnO thin films are explored. 
Compared with Al doped ZnO thin films deposited by using metal targets, Al 
content varied slightly in the range between 1.92wt.% and 2.48wt.%; 
however, with O2 fraction increasing during sputtering processing, carrier 
concentration of thin films decreases from 1020 to 1015cm-3 and its 
corresponding resistivity increases from 10-2 to 102Ω·cm. Meanwhile, its 
maximum transmittance is maintained at 97% and its optical band gap is 
changed significantly in the range between 3.12eV and 3.41eV. Currently, 
most research is focused on AZO thin films; therefore, it is necessary, in this 
study, to fabricate Al doped ZnO thin films with different electrical properties. 
 
 
1.2 Objectives of the present study 
 
The objective of this programme is to investigate the effects of doping on the 
structural, optical and electrical properties of low-cost metal oxides, such as 
ZnO and copper oxides (CuO and Cu4O3). These are synthesised via sputter 
deposition and thermal oxidation method in air. In this study, I will utilize 
metal oxide semiconductors of large natural resources via doping, in order to 
develop low-cost photovoltaic cells. This will be achieved via the realisation 
of the following objectives: 
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(1) Synthesis of pure and doped materials using different methods, such 
as thermal oxidation, RF sputter processing, spin coating to produce different 
structures and characteristics including nanowires (NWs) and thin-films of 
packing density, growth orientation and length of NWs. 
 
(2) Characterisation of optical and electrical properties of thin film and 
NWs including optical band gap, semiconductor type, carrier concentration, 
carrier mobility and resistivity. 
 
(3) Correlation of material composition to the optical and electrical 
properties of thin film. Relationship between the growth condition of CuO 
NWs and its properties. 
 
(4) Fabrication and characterisation of a simple photovoltaic cells based 
on metal oxides, such as CuO NWs. Current-voltage performance of a p-n 
heterojunction and metal-metal oxides are studied. 
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Chapter2 Literature review 
2.1Structure of copper oxides 
2.1.1 Crystal structure of copper oxides 
Copper oxides can be prepared by annealing copper in air. In the early stage 
of oxidation, a series of metastable copper oxides will be formed as 
nonstoichiometric compounds, such as Cu4O[1], Cu8O[2] and Cu64O[3]. In 
these copper oxides, O atoms are located at the interstitial sites in Cu lattice. 
Next, the Cu2O is formed with increasing temperature, and CuO is finally 
formed as the temperature rises further. In addition, another copper oxide 
(Cu4O3) is synthesized [4]. Paramelaconite (Cu4O3) is an intermediate of 
copper oxide, with a chemical formula of ܥݑଶାܥݑଶଶାܱଷଶିand a space group 
I41/amd[5], belonging to the tetragonal system. 
 
The unit cell of Cu4O belongs to the orthorhombic system, with a space 
group Pmm2 and the lattice parameters are a=4.02Å, b=5.66Å and 
c=5.94Å[1]. The unit cell of Cu8O belongs to the base-centred orthorhombic 
system with a space group Bmm2 and the lattice parameters are a=5.47Å, 
b=6.02Å and c=9.34Å[2]. The unit cell of Cu64O also belongs to the base-
centred orthorhombic system, with a space group Bmm2 and the lattice 
parameters are a=9.74Å, b=10.58Å and c=16.20Å[3]. As we known, the unit 
cell of Cu2O belongs to a cubic system with a space group Pn3m and the 
lattice parameter of a=4.27 Å[6]. The Cu2O crystal structure can be described 
that Cu+ is located at a fcc sublattice and O2- is located at bcc sublattice; 
finally, one sublattice is shifted by a quarter of the body diagonal.  
 
The unit cell of CuO belongs to monoclinic system with a space group C2/c 
and the lattice parameters are a=4.684Å, b=3.423Å and c=5.129Å and 
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β(deg)=99.54 (see the PDF No. 89-5898). Its structure is illustrated in Fig. 
2.1.1. There are four Cu-O bonds in each CuO units. Furthermore, four CuO 
units comprise a CuO unit cell. Each copper atom in a CuO unit is 
surrounded by the four nearest coplanar oxygen atoms and another two 
oxygen atoms far away from the plane are composed of Cu-O, as presented 
in Fig. 2.1.2. The four oxygen atoms are located at the corners of an almost 
rectangular parallelogram, which then combine another two oxygen atoms to 
form a high distorted octahedron. The oxygen atom is surrounded by the four 
nearest copper atoms located at the corner of tetrahedron.  
 
Fig.2.1.1 Ball-and-Stick model of the CuO, O in red and Cu2+ in blue[7]. 
 
The crystal structure could depict that building element oxygen atoms form 
chains by sharing edges. These chains traverse the structure in the [110] and 
[ 1ത10 ] directions, and the two chains alternate in the [001] directions. 
Meanwhile, each type of chain is stacked in the [010] direction in a 
separation between the chains of about 2.7Å[8]. Each individual chain in a 
group of stacked chains of [110] type is linked to each chain in the two 
adjacent groups of [1ത10] type by corner sharing[8], as illustrated in Fig. 2.1.1. 
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Fig.2.1.2 The structure of a CuO unit [8]. 
 
 
2.1.2 The electronic structure of CuO 
 
According to the total orbital momentum, the molecular orbital (MO) of 
diatomic molecular can be divided into different MO types (σ, π, δ, etc). σ 
bonding orbital results from positive overlapping between either two atomic s-
orbital or two atomic pz-orbital. Conversely, σ* anti-bonding orbital results 
from negative overlapping between either two atomic s-orbital or two atomic 
pz-orbital. Besides, overlapping between two atomic dz-orbital in the direction 
of z-axis will result in σ bonding orbital or σ* anti-bonding orbital as well. 
Conversely, when an atomic s-orbital overlaps one side of either an atomic p-
orbital or an atomic dz-orbital, σ bonding orbital or σ* anti-bonding orbital is 
formed. Moreover, the difference between σ orbital and  σ* orbital is that 
morphology of σ orbital is central symmetry, but that of σ* orbital is central 
anti-symmetry.  
 
π bonding orbital results from positive overlapping between either two atomic 
px-orbital or two atomic py-orbital. In contrast, π* anti-bonding orbital results 
from negative overlapping between either two atomic px-orbital or two atomic 
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py-orbital. d-dπ bonding orbital is similar to p-p π bonding orbital. When either 
two atomic dx-orbital or two dy-orbital positively overlap each other, π 
bonding orbital is also formed. Furthermore, π bonding orbital arises from 
positive overlapping between an atomic p-orbital and an atomic d-orbital. 
Compared with the symmetry of σ bonding orbital, morphology of π bonding 
orbital is central anti-symmetry, while that of π* bonding orbital is central 
symmetry. δ bonding orbital results from positive overlapping between either 
two atomic dxy orbital or two dx-y orbital. Conversely, δ* bonding orbital is the 
result of negative overlapping between either two atomic dxy orbital or two dx-y 
orbital. Moreover, the symmetry of δ bonding orbital is the same to that of σ 
bonding orbital. 
 
The CuO is a type of copper oxide compound with dominant covalent 
bonding. Therefore, its electronic structure of ground state could be 
described as (1σ)2(2σ)2(3σ)2(1π)4(1δ)4(2π)3(4σ)2, where the orbital 1σ, 2σ, 
4σ and 2π are predominantly oxygen 1s, 2s, 2pσ and 2pπ orbital, 
respectively, while orbital 3σ, 1π and 1δ are predominantly copper 3dσ, 3dπ 
and 3dδ orbital, respectively[9]. The spectroscopic term of diatomic molecular 
is expressed as 2S+1Λ, where S is denoted the spin angular momentum, 2S+1 
is denoted spin multiplicity, Λ is the value of total molecular orbital 
momentum. Different values of Λ are represented by Σ (Λ=0), Π(Λ=1), 
∆(Λ=2), Φ(Λ=3), Γ(Λ=4), respectively. When all the MO are filled with 
electrons or absolutely empty, Λ=0 and S=0, the electronic state of molecular 
is expressed as 1Σ. This is spectroscopic term of ground state in a certain 
molecular state and always represents the electronic state. Literatures[9, 10, 11, 
12] highlight that ෨ܺ 2Π and Y 2Σ+ are expressed as the ground state and the 
lowest excited state in CuO molecular, respectively; whereby, the symbol (+) 
means the wave function is symmetry, according to the plane containing the 
molecular axis. In contrast, the symbol should be remarked (-).  
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Tab.2.1 The excited states configurations in each of types[9]. 
Types 
Electronic  
states 
Configurations Excitation 
lower 
set of 
Cu+ 
4Π 3σ(2π)35σ 3σ→5σ 
4∆/4Σ+ (1π)3(2π)35σ 1π→5σ 
4Φ/4Π (1δ)3(2π)35σ 1δ→5σ 
higher 
set of 
Cu+ 
4Σ+ 3σ4σ5σ 3σ→5σ 
4Π (1π)34σ5σ 1π→5σ 
Cu2+ 2∆ (1δ)3 1δ→2π 
Cu 4Σ- (2π)25σ 2π→5σ 
 
Tab.2.2 Calculated structural properties for ෨ܺ 2Π and Y 2Σ+ states of CuO 
molecular[9]. 
Properties state values 
Equilibrium distance (re) 
/Å 
෨ܺ 2Π 1.82[9], 1.82[10] 
Y 2Σ+ 1.73[9], 1.81[10] 
binding energy (De) 
/eV 
෨ܺ 2Π 2.45[9], 2.57[10] 
Y 2Σ+ 1.74[9] 
Transition Energy 
(103cm-1) 
෨ܺ 2Π↔ Y 2Σ+ 6.7[9], 8.3[10] 
 
At higher excited states, the configurations could be divided into three 
types[10]: CuO, Cu+O- and Cu2+O2-. Several configurations of these excited 
states in each of the above types are presented in Tab. 2.1. For instance, the 
lowest excited states after Y 2Σ+ state arise by single excitation from 
predominantly Cu 3d-orbital to predominantly Cu 4s-orbital, relative to the ෨ܺ 
2Π configuration, and corresponding to d9s (Cu+)-(pπ)3(O-) atomic 
configurations[9]. The higher set of Cu+O- excited state is obtained from the 
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Cu 3d-orbital to Cu 4s-orbital as well, but states correspond to 3dσ and 3dπ 
excitations. In addition, the structural properties of CuO molecular are 
calculated using the CI calculation method. This is based on the above 
analysis and the results are given in Tab. 2.2.  
 
In terms of energy, the electron in crystalline structure occupies only certain 
energy levels and the electron is always given priority to occupy the lower 
energy level in order to reduce the system energy. For an isolated atom, all 
the energy levels are discrete, but each level splits to form a band with the 
distance decreasing between two atoms. The energy bands filled with 
electrons at absolute temperature zero Kelvin is termed a valance band (VB), 
and the empty energy bands at absolute temperature zero Kelvin is termed a 
conduction band (CB). Meanwhile, VB and CB are separated by a region 
where there are no designated energy levels. This is known as a band gap or 
forbidden gap. The energy at the highest occupied molecular orbital (HOMO) 
and the lowest unoccupied molecular orbital (LUMO) are expressed as Ev 
and Ec, respectively. Eg=Ec-Ev is the band gap energy, as illustrated in Fig. 
2.1.3.  
 
 
Fig.2.1.3 Schematic band diagram at absolute temperature 0K,   : electrons. 
 
Thermal vibration at higher temperature (>0K) may cause an electron to 
break the restriction of nuclei; thereby leading to the free electron moving in 
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the whole lattice and further increasing current conduction ability in the 
material. Consequently, solid-state materials can be divided into three groups: 
insulators, semiconductors and conductors. Insulator materials have a large 
band gap; therefore, the bonds between electrons and nuclei are so strong 
that they are difficult to break, and no free electrons participate in current 
conduction. In this situation, all energy levels in VB are filled with electrons, 
while all those in CB are empty. There is overlap between the VB and CB 
(Eg=0) in conductors; therefore, they have high current conduction ability. In 
this case, all energy levels in VB are filled with electrons, but energy levels in 
CB is not empty. The current conduction ability of semiconductors is between 
insulators and conductors. The band gap of semiconductors is moderate and 
adequate to make the bonds break and, consequently, produce free 
electrons in CB. Meanwhile, holes are also produced in VB.  
 
The electron dispersion relationship is determined by E=E(k), where E is 
electron energy, k is the wave vector. The energy E(k) is periodic in the 
reciprocal space because of its periodic lattice structure in real space. 
Therefore, all the energy E(k) information is contained in the first Brillouin 
zone. When the Ev(k) at HOMO and the Ec(k) at LUMO have the same wave 
vector value (k), which indicates that the semiconductor has a direct band 
gap and valence electrons will be excited directly from VB to CB. In contrast, 
when the Ev(k) at HOMO and the Ec(k) at LUMO have not the same wave 
vector value (k), which indicates that the semiconductor has an indirect band 
gap and a valence electron is excited from VB to CB by releasing or 
absorbing a phonon simultaneously. The band structures of Cu2O and CuO 
from hybrid functional DFT+U calculations are presented in Fig. 2.1.4 (a) and 
(b), respectively, and the corresponding Brillouin zones are given in Fig. 2.1.5. 
From the calculation results, it can be observed that Cu2O is a p-type 
semiconductor with direct band gap of 2.3eV, and CuO is a p-type 
semiconductor with a narrow indirect band gap of 1.0eV. Experimental 
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results [13, 15, 16, 17, 18] highlight that the band gap of CuO falls within the range 
of 1.0eV-1.71eV. 
 
 
Fig.2.1.4 Band structure and density of states of (a) Cu2O[13]and (b) CuO[15] 
from hybrid functional DFT calculations. 
 
Fig.2.1.5 Brillouin zones of (a)Cu2O and (b)CuO, g1,g2,g3 are unit vectors in 
reciprocal space, respectively[14]. 
 
The opportunity of on an electron occupying a certain state E is determined 
by Fermi-Dirae distribution function, which can be expressed as: 
                                                ݂ሺܧሻ ൌ ଵଵାୣ୶୮	ሺಶషಶಷೖబ೅ ሻ
                                  (2-1) 
where k0 is the Boltzman constant, T is the absolute temperature, and EF is 
the Fermi level. EF is one of the most important physical indices in 
semiconductor physics and is defined as the highest occupied energy level 
by an electron at absolute temperature zero Kelvin. Nevertheless, in the view 
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of thermodynamics, EF is equal to the chemical potential under the 
thermodynamic equilibrium condition; consequently, the variation of EF at 
different location is zero. According to equation (2-1), when T=0K, f(E)=1 
(E<EF) indicates the energy levels lower than EF are occupied by electrons; 
f(E)=0 (E>EF) indicates the energy levels higher than EF are unoccupied by 
electrons. Therefore, EF is the limitation of occupied by electrons at 0K. The 
intrinsic semiconductor is defined as absolute purity and no lattice defects 
exist in semiconductor materials; thus, the location of EF (EF=(EV+EC)/2) is 
close to the middle of band gap Eg at 0K and is denoted as Ei.  
 
However, materials are not perfect and defects and impurities in the 
materials can always be found. In general, the defects in crystal lattice can 
be divided into three categories: (1) point defects, such as vacancy [19, 20], 
interstitial defects [21, 22] and substitute defects [23, 24]; (2) linear defects, such 
as dislocations [25, 26]; (3) planar defects, such as stacking fault [27, 28] and 
grain boundary [29, 30]. Periodic crystal lattice is broken up to form defects due 
to the thermal vibration in the equilibrium position. Consequently, localised 
gap states are introduced at the position of impurities and defects. Localised 
gap states can be divided into three types: (1) acceptor-like; (2) donor-like; (3) 
amphotericity. These are single electron states with the following 
definitions[31]:(1) acceptor states unoccupied by an electron are neutral states 
and, consequently, negative states when occupied by an electron (ionized); 
(2) donor states occupied by an electron are neutral states and, consequently, 
positive states when unoccupied by an electron (ionized); (3) amphoteric gap 
states can be occupied by none, one or two valence electrons, and their 
charge states depends on their occupancy – for example, one electron could 
be the neutral state, no electrons the positively charged state and two 
electrons the negatively charged situation[31]. In the thermodynamic 
equilibrium condition, EF is affected significantly by localised gap states [32]. 
Therefore, defects in semiconductors play important roles in semiconductor 
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physics. Defects not only affect the band structure of conductors, but also 
impact on the electrical [33, 34, 35] and optical [36, 37] properties of 
semiconductors.  
 
The native point defects in bulk CuO contain VO (O vacancy), VCu (Cu 
vacancy), Cui (Cu interstitial), Oi (O interstitial), CuO (O atom substituted by 
Cu atom) and OCu (Cu atom substituted by O atom). However, LSDA+U 
calculations[38] demonstrate the thermodynamic perspective; whereby EF is 
close to VBM, the stable charge state in each defect is VCu2-, OCu2-, Cui0, Oi0, 
VO0 and CuO2+, and when close to CBM, the stable charge states in each 
defect is VCu2-, OCu2-, Oi2-, VO0, Cui0, CuO0,  as illustrated in Fig. 2.1.6. From 
the above analysis, VCu2- always has the lowest formation energy with EF 
variation; consequently, acceptors are dominant in undoped CuO[38, 39].  
 
Fig.2.1.6 Formation energies of native point defects in bulk CuO as a function 
of Fermi level (EF), varying from the valence-band maximum (VBM) to the 
conduction-band minimum (CBM) [38]. 
 
One of the most important applications of CuO was used previously as the 
basis for superconductors [40, 41]. Recently, further study on electronic 
structure and other properties of CuO, CuO has had wide potential 
applications, such as gas sensors [42, 43], catalysts [44, 45], field emission 
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electron sources [46], self-cleaning materials [47], transistors [48, 49], photovoltaic 
cells [50, 51, 52]. 
 
2.2 Structural engineering of CuO (thin films and NWs)  
 
With the development of fabrication technology, semiconductors will contain 
different structures, such as nano-scale particles, thin films and nanowires 
(NWs). Furthermore, its applications will also be extended. The high-Tc 
superconductors based on CuO are fabricated firstly by sintering ceramic 
process[53]; however, phase control of these superconductors is achieved by 
developing layer-by-layer deposition technology. The Meissner effect is 
observed in multiple La-Sr-Cu-O layers deposited by molecular beam epitaxy 
technology[54]. Two of the most important CuO structures are thin films and 
NWs, due to their wild potential applications. Therefore, it is necessary to 
summarise the fabrication technologies of CuO thin films and CuO NWs.  
 
2.2.1 Fabrication of CuO thin films 
 
A thin film is defined as a material created by condensing, individually, 
atomic/molecular/ionics species of matter [55]. The thickness of a thin film is 
usually less than several microns. Conversely, a thick film is defined as a 
low-dimensional material created by thinning a three-dimensional material or 
assembling large clusters/aggregates/grains of atomic/molecular/ionic 
species [55]. CuO films can be synthesised by adopting the sol-gel coating 
method [56], chemical deposition [57], spray pyrolysis [58], calcination [59], 
reactive direct current (dc) magnetron sputtering [60], reactive radio frequency 
(rf) magnetron sputtering [61], etc. 
 
Sol-gel spin coating technology is an important approach to fabricate organic 
polymer thin films or graphene thin films on different substrates due to its low 
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cost and large-scale preparation area. The thickness of thin films is controlled 
by rotating speed and coating duration. It is then annealed at a lower 
temperature (~100°C) for several hours in vacuum [62, 63, 64]. The thickness 
will be increased with lower rotating speed and longer coating duration. 
Recently, it has also been used to fabricate inorganic metal oxide thin films. 
For instance, this method is used to fabricate CuO thin films in order to study 
the relationship between multiple phonon hopping conduction and the 
annealing temperature. In sol-gel dip coating processing, Copper acetate 
[Cu(CH3COO)2·xH2O] in ethanol solution is used as the precursor and coated 
on the substrate with the rotating speed of 0.36cm/s. Then, the coated thin 
films are baked in the furnace at 300°C for several minutes [65]. The results 
demonstrate that the multiple phonon-hopping conduction with weak carrier-
lattice interaction is the most probable conduction mechanism in these 
fabricated CuO thin films [65]. Another example is that the sol-gel spin coating 
method is used to fabricate CuO thin films to study its ferromagnetic 
properties. In sol-gel spin coating processing, the first step is to make the 
precursor, which comprises Cu(NO3)2·3H2O, ethyl silicate, ethanol and 
acetylacetone. Next, the thin film is coated on the substrate using the spin 
coating method and annealed at 500°C for several hours after being air dried 
at 70°C for several minutes[66]. Furthermore, the doped CuO thin films are 
always prepared using wet chemical methods, such as N-[67], Ru-[68], Mn-[69], 
Li-[70], doped CuO thin films. 
 
The sol-gel coating method, chemical deposition, spray pyrolysis and 
calcination belong to different chemical fabrication methods, which are 
convenient for fabricating organic polymer thin films. However, for metal 
oxide thin films, annealing the precursor at high temperature is necessary to 
produce oxides by thermal decomposition reaction once the precursor is 
coated on the substrates. Therefore, a trace of decomposition byproducts 
can always be found on the surface of a metal oxide thin film. In addition, the 
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films have a tendency to form a porous structure due to the release of 
decomposed gas [71]. However, the thin films are required to have a high-
density structure and no contaminant; therefore, in order to solve the 
problems in semiconductor thin films, fabricating metal oxide thin films by 
physical technology is one of the prospective approaches, such as reactive 
dc/rf magnetron sputtering technology. 
 
In the initial stage, sputtering was regarded as an undesired phenomenon 
due to the cathode and grid gas discharge tube being destroyed [55]. But now, 
sputtering is utilised widely to deposit thin films and provide a clean surface. 
Magnetron sputtering can be performed either in DC or RF modes. DC 
sputtering is done with conducting materials. If the target is a non-conducting 
material, the positive charge will build up on the material and it will stop 
sputtering. RF sputtering can be done with both conducting and non-
conducting materials.  
The main parameters for thin films deposited by magnetron sputtering are 
targets, substrate temperature, RF power, sputtering gas (Ar gas) flow rate, 
reactive gas flow rate, deposition time. Undoped copper oxide thin films can 
be deposited by using a Cu metal target with reactive dc or rf mode. 
Research[60] indicates different copper oxides thin films are deposited at 
different higher deposition temperature with DC mode; the phase in which 
copper oxide thin films are deposited at 400°C is CuO, and when deposited 
at 600°C, the phase is Cu2O. Tab. 2.3 highlights the interplay between RF 
power and phase structure of copper oxide thin films deposited at low oxygen 
flow rate. From the table, it can be observed that phase structure is controlled 
by input RF sputtering power under the aforementioned conditions. 
Furthermore, properties of copper oxide thin films are also affected; for 
example, the roughness of thin films increases with input rf power 
increasing[72] and results in maximum optical transmission reducing[73]. The 
relationship is studied between oxygen fraction and electrical resistance of 
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copper thin films deposited at 200°C for 1hr and the input RF power is 
65Watt[74]. When the oxygen partial fraction increases from 0.125% to 2% in 
RF sputter processing, the resistance of copper oxide thin film increases from 
10-2 Ω·cm to 102Ω·cm. This results from the variation of phase structure and 
the dominant phase structure is Cu2O+Cu in copper oxide thin films 
deposited at the lowest oxygen partial pressure. However, when deposited at 
the highest oxygen partial pressure, the dominant phase structure changes to 
CuO[74]. 
Tab.2.3 Interplay between RF power and phase structure of copper oxide 
thin films deposited at low oxygen flow rate[72]. 
RF 
power 
/Watt 
Substrate 
temperature 
Ar/O2 gas flow 
rate 
sccm/sccm 
Deposition 
duration 
/s 
Phase 
structure 
200 
Room 
temperature 
50/4 30 
Cu2O 
400 Cu2O/CuO 
600 Cu2O/CuO 
800 CuO 
 
Furthermore, the relationship is explored between oxygen partial fraction and 
the phase structure of copper oxide thin films deposited at room temperature 
with low input RF power (65Watt) [75]. When the oxygen partial fraction 
increases from 0 to 100% in RF sputter processing, the dominant phase 
structure in copper oxide thin films deposited changes from (Cu2O+Cu) 
phase to CuO phase [75]. In contrast, the relationship between oxygen partial 
fraction and phase structure and the sputtering parameters is outlined in Tab. 
2.4. This table indicates when copper oxide thin films are deposited at room 
temperature with high input RF power, the phase structure depends strongly 
on the reactive O2 gas fraction in (Ar+O2). Moreover, the interplay between 
phase structure and RF with bias voltage parameter during sputtering 
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process are also investigated and the results are given in Tab. 2.5. In Cu2O, 
thin films are deposited at the O2 flow rate (4sccm). There is no relationship 
between the bias voltage and phase structure, but the level of crystallization 
in Cu2O thin films depends on bias voltage [76]. In addition, the thickness of 
thin films deposited by sputtering is determined by deposition time and the 
linear relationship between thickness and deposition time. In general, 
following the analysis outlined above, we can observe that the high O2 
fraction is the key parameter for CuO thin films deposition. 
 
Tab. 2.4 Relationship between phase structure of copper oxide thin films and 
reactive O2 fraction [76]. 
O2 flow rate 
/sccm 
Ar flow 
rate 
/sccm 
Deposition 
temperature 
/°C 
RF sputtering 
power 
/Watt 
Phase 
structure 
3 
25 
Room 
temperature 
600 
Cu+Cu2O 
4 Cu2O 
5 Cu4O3 
>6 CuO 
 
 
 
 
 
 
 
Chapter2: Literature review 
 
34 
 
Tab.2.5 Relationship between phase structure of copper oxide thin films and 
bias voltage [76] (other parameters are the same to the parameters in Tab. 
2.4). 
O2 flow 
rate 
/sccm 
Bias 
voltage 
/V 
Phase 
structure 
4 
0 
Cu2O -50 
-90 
5 
0 Cu4O3 
-50 
Cu4O3 + 
Cu2O 
-90 Amorphous 
 
 
2.2.2 Fabrication of CuO NWs 
 
A NW is a nanostructure with the diameter of the order of a nanometer (10-
9meters). This can be defined as the ratio of the length to width (or diameter) 
being greater than 20[77]. NWs are of interest to both the scientific and 
technical communities due to the potential for greatly reduced device 
dimensions, radial epitaxial capping and axial growth of lattice mismatched 
structures[78]. At present, NWs can be synthesised successfully by sol-
gel[79],electrochemical deposition[80, 81], thermal oxidation[82, 83], thermal 
evaporation[84], wet chemical route[85], etc. 
 
Moreover, CuO NWs can be synthesized by using the aforementioned 
fabrication methods; however, of these, thermal oxidation has been used 
widely to fabricate CuO NWs due to its low cost. In thermal oxidation 
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processing, CuO NWs can grow directly on copper substrates by heating 
copper substrates in the furnace. Before heating in the furnace, copper 
substrates are cleaned firstly with hydrochloride acid, followed by rinsing 
several times in distilled water. The cleaning copper substrates are then dried 
in a N2 gas flow. The size of CuO NWs is controlled by heating temperature 
and heating time, followed by cooling naturally to room temperature.  
 
Fig.2.2.1 Distribution of CuO NWs fabricated by heating copper substrates in 
air at various temperatures: (a) 400°C, (b) 500°C and (c) 600°C[83]. 
 
Research[83, 86, 87] indicates the heating temperature range is between 390°C 
and 800°C. As heating temperature increases, the distribution of diameter of 
CuO NWs narrows significantly; thereby indicating the distribution of diameter 
of CuO NWs is controlled by heating temperature, as illustrated in Fig. 2.2.1.  
 
Consequently, the diameter distribution of CuO NWs is wide at low 
temperature, and the diameter of roughly 100nm accounts for the highest 25% 
in the distribution. With the temperature increasing, the diameter distribution 
range is between ~10nm and 50nm and the diameter of roughly 25nm is 
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account for the highest 32.5% in the distribution. In addition, the length of 
CuO NWs is controlled by heating time. The length of CuO NWs will increase 
in parallel with the heating time [83, 86]. The typical CuO NWs structure in 
cross-section is outlined in Fig. 2.2.2.  
 
 
Fig.2.2.2 SEM image in cross section of the typical structure of CuO NWs 
growing on copper substrates at 400°C [88]. 
 
 
 
Fig.2.2.3 The SEM image of the surface morphology of CuO NWs growing on 
copper substrates at 450°C. Inset: magnified SEM view of a single CuO NW 
[89]. 
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The structure of CuO NWs comprises three layers: the top layer is CuO NWs; 
the bottom layer is Cu2O; and the interlayer is CuO. Both the typical surface 
morphology of CuO NWs and a single CuO NW are illustrated in Fig. 2.2.3. 
The surface of the substrates is covered by dense CuO NWs, while the 
single NW is smooth and highly facet, where the facets of the single NW 
surface belong to (202ത) and (2ത02)-type planes[89]. 
 
 
 
Fig.2.2.4 (a) The contrast from a BF TEM image of an individual CuO NW 
suggests the presence of a twin boundary along the axial direction of the NW. 
(b) HRTEM image of the NW showing the twin boundary of the NW. (c)SAED 
pattern obtained from a single NW. Indices with subscript L and U refer to the 
lower side and the upper side of the NW (shown in a and b), respectively [89]. 
 
A typical bright field TEM image is outlined in Fig. 2.2.4(a), which 
demonstrates a single NW is composed of a bi-crystalline divided by a twin 
boundary along the axial direction of the NW. Fig.2.2.4(b) demonstrates that 
each side of the NW is single crystal and the interplanar spacing is 2.52Å and 
2.32Å, respectively. A typical SAED pattern is presented in Fig. 2.2.4(c), 
which indicates the growth direction of a single CuO NW is [110]; however, 
another literature[87] shows the main growth direction of a single CuO NW is 
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[010]. In addition, CuO NWs not only grows on copper substrates, but also on 
other substrates, such as Si[90], SiO2[91] and Ti[92]. Before heating the 
substrates, a thin Cu layer is pre-deposited on substrates by evaporation or 
RF magnetron sputtering technology. With the exception of heating time, 
another important parameter for CuO NWs growing on these substrates is 
the thickness of Cu thin layer. Research indicates the minimum thickness of 
Cu thin layer for CuO NWs growing on Ti substrates at 400°C is 500nm[92] 
and the minimum thickness of Cu layer for CuO NWs growing on Si 
substrates at 400°C is 1000 nm[90, 93]. In addition, CuO NWs can be 
synthesised by direct oxidation of Cu3N film [94]. 
 
2.2.3 Growing mechanism of CuO NWs synthesized by 
thermal oxidation  
 
The growing mechanism for NWs can be described as a vapour-liquid-solid 
mechanism [95] or vapour-solid mechanism [96]. In the vapour-liquid-solid 
growth, the evaporated source material is transported by gas carriers to the 
growth site where it nucleates. Three phases in the processing are involved: 
vapor phase precursor; the liquid catalyst droplet; and solid crystalline 
NWs[97]. For instance, Si NWs were first fabricated in 1964 by heating Si 
substrates covered with Au particles in a mixture of SiCl4 and H2[98]. With the 
exception of Si NWs, ZnO NWs[99], Ge NWs[100] and SiO2[101], NWs were 
fabricated using the vapour-liquid-solid method. The difference between 
vapour-liquid-solid and vapour-solid growth is the liquid catalyst droplet. In 
vapour-solid growth, NWs will grow directly on substrates by transporting the 
evaporated source material by gas carriers to the substrates, such as ZnO 
NWs [102] and SiC NWs[103], Ga2O3 NWs[104]. The kinetics of growth of NWs is 
determined by the average diffusion length of adatoms on the surface[96]. 
When the length of NWs is smaller than that of of adatoms, the growth is 
exponential with time; otherwise, it transforms to linear growth rate with time. 
Chapter2: Literature review 
 
39 
 
 
The growing mechanism of CuO NWs fabricated by thermal oxidation 
method in air cannot be described using the above mechanism. This is 
because neither liquid catalyst droplet nor gas carriers participate in NW 
growth. Recently, another mechanism has been used to explain the growth of 
CuO NWs. Research [88, 105] demonstrates the growth of CuO NWs fabricated 
by thermal oxidation method is controlled by the chemical reaction at the 
Cu2O/CuO interface and consequently CuO NWs grow at the Cu2O/CuO 
interface. In the thermal oxidation at intermediate heating temperature, the 
Cu ions diffuse across grain boundaries in the Cu2O layer and get to the 
Cu2O/CuO interface; simultaneously, oxygen ions diffuse across grain 
boundaries in the CuO layer and also get to the interface. The driving force 
behind CuO NWs is the compressive stress caused by the volume change 
associated with the solid-state transformation at the Cu2O/CuO interface [89, 
106].  
 
For copper oxidation, the unstable CuxO (x=64, 8, 4, etc) is formed during the 
initial stage of oxidation. These CuxO compounds will then further convert to 
Cu2O with a rise in temperature. Furthermore, Cu2O will be oxidised and 
begin to convert to CuO at higher temperature (>300°C[107]) under oxygen-
rich conditions. The growth of CuO NWs is similar to copper oxidation, so it 
helps us to understand the growth of CuO NWs. According to the structure of 
CuO NWs fabricated by thermal oxidation method, illustrated in Fig. 2.2.2, 
the schematic model of CuO NWs fabricated by thermal oxidation is drawn 
and presented in Fig. 2.2.5. In the initial stage of thermal oxidation, Cu2O 
layer is formed firstly at a lower temperature, which is porous and defective 
because of its large compressive stress. As the heating temperature 
increases, Cu atoms have two pathways to reach in the reaction interface for 
further oxidation. One pathway is lattice diffusion, which will result in the 
formation of CuO layer. Another pathway is grain boundaries diffusion, 
Chapter2: Literature review 
 
40 
 
leading to the formation of CuO NWs. For CuO NWs growth, the rate-limiting 
step is determined by the Cu ions diffusion and the oxygen ions also can 
diffuse across the top CuO layer to reach the Cu2O/CuO interface because of 
the thinner CuO layer [88]. In the structure of CuO NWs grown on Cu 
substrates, the growth rate of the Cu2O layer exceeds that of the CuO layer 
with the increase of heating time. When the Cu ions reach the CuO/O2 
interface by grain boundaries diffusion, the following reaction occurs [105]: 
 
                                            2Cu+O2=2CuO                                               (2-1) 
 
this leads to an increase in the thickness of CuO layer; whereas the Cu ions 
reach the Cu2O/CuO interface by grain boundaries diffusion, and another 
reaction occurs [105]: 
 
                                                Cu+CuO=Cu2O                                          (2-2) 
This leads to the thickness of Cu2O layer increasing and CuO layer 
consumption.  
 
 
 
Fig.2.2.5 The schematic model of the growth of CuO NWs on copper 
substrates by thermal oxidation method [88].  
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However, another research group noted another growth mechanism of CuO 
NWs by thermal oxidation. The growth of the NWs is caused by the Cu 
cations diffusion from copper substrates to the boot of CuO NW and then on 
its tip [89]; consequently, a CuO NW grows on the CuO layer, as outlined in 
Fig. 2.2.6.  
 
 
 
Fig.2.2.6 Mass transport mechanisms of Cu2+ for the growth of CuO NWs, 
where h(t) is the height of CuO NWs with different time and 2R is the 
diameter of the CuO NWs[89]. 
 
Cu cations diffusing along the grain boundaries are deposited on the top of 
CuO layer. Then, Cu cations are moved to the tip of NW by surface diffusion 
driven by the concentration gradient of Cu ions between grain boundaries 
junction area and the boot of NW and the tip of NW, where Cu ions are 
incorporated into the NW growth by reacting with oxygen vapour [89]. The 
CuO NW has a bi-crystal structure, as illustrated in Fig. 2.2.4, and the bi-
crystal boundary is continued from the root of NW to the tip of NW;, therefore, 
a large part of the atoms on the tip are at defect positions near the twin 
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boundary. Conversely, the sidewalls of long CuO NWs with uniform diameter 
have smooth surfaces, for which the incorporation of Cu ions onto the side 
surface is suppressed kinetically due to the lack of growing places (kinks) on 
the surface [89]. Consequently, the growth of CuO NWs occurs through short-
circuit grain boundary diffusion of Cu ions across the Cu2O layer, followed by 
short-circuit along the CuO NW bi-crystal grain boundary and to the NW tip, 
where subsequent oxidation and growth occur[106]. In addition, Zhu et al. [105] 
discover that in the thermal oxidation process, both of Cu2O and CuO layer 
growth; subsequently, CuO NWs are buried. 
 
 
2.3 Application of CuO in gas sensors  
 
Gas sensors are composed of poly-crystalline metal oxide semiconductors, 
such as SnO2[108], Fe2O3[109], ZnO[110], TiO2[111], In2O3[112], WO3[113], CuO[114]. 
Previously, one of the most important gas sensors has been that based on 
SnO2 [115, 116]. These metal oxide semiconductors are not only prepared by 
sintering metal oxide powders at high temperature, but also can be prepared 
by depositing metal oxides on substrates by thermal evaporation or 
sputtering method. Moreover, dopants (Pt[117] and Au[118]) in the 
semiconductors are always used to improve the sensitivity of gas sensors. 
When a gas sensor is immersed in the gas, its electrical resistance will 
change with the variation of the concentration of a certain component in the 
gas. Presently, many studies focus on the developing  metal oxide gas 
sensors (MO gas sensors) for detecting H2[119], CH4[120], H2S[121], CO[122], 
CO2[123], NO[124], NO2[125] and HCl[126], NH3[127], etc. MO gas sensors have 
been used widely in commercial products due to their low cost and simple 
operation. When the working temperature of MO gas sensors is higher than 
room temperature, the sensitivity of gas sensors will be enhanced.  
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In general, the variation of electrical resistance of gas sensors arises from 
the resistance of grain boundary. Therefore, the sensitivity of gas sensors 
can be enhanced by increasing the density of grain boundary. One of the 
mechanisms of gas sensors relates to the conductivity of grain boundary. 
High electrical resistance is caused by the barrier in the grain boundary, in 
which oxygen clusters. When the detected gas absorbs oxygen clustered 
near the grain boundary, the barrier will be reduced, along with the electrical 
resistance of the gas sensor. Another mechanism of gas sensors relates to 
the bulk effect of the MO semiconductor. The net carrier concentration in the 
MO semiconductor changes as a result of releasing or neutralizing a free 
electron through the reaction between the detected gas and oxygen near the 
grain boundary; consequently, the electrical resistance also alters.  
 
2.3.1 Mechanism of gas sensors based on CuO 
 
According to the type of majority carriers in the MO semiconductors, the MO 
gas sensors can be divided into n-type MO semiconductor gas sensors 
(SnO2 gas sensors) and p-type MO semiconductor gas sensors (CuO gas 
sensors). Currently, the most common p-type oxide semiconductor gas 
sensors are CuO gas sensors [128]. CuO is an intrinsic p-type semiconductor; 
therefore, it has a broad application prospect in gas sensors due to their low 
cost, high thermal stability, non-toxicity and capacity for electron transfer [129].  
 
The mechanism of gas sensors based on p-type CuO depicts that oxygen 
molecules are absorbed into the CuO surface at a certain air temperature, 
leading to the formation of negative charging oxygen ions (ܱି, ܱଶି  and	ܱଶି) 
[106]. For exposure to a reducing gas, such as low concentration of H2S gas, it 
is oxidised and releases free electrons with negative charge spontaneously 
through the following reactions [130]: 
 
Chapter2: Literature review 
 
44 
 
                                    	ܱଶ ൅ 2݁ି → 2ܱି                                               (2-3) 
 
              	ܪଶܵ ൅ 3ܱି → ܪଶܱ ൅ ܱܵଶ ൅ 3݁ି                                        (2-4) 
 
These lead to the transfer of electrons from the oxygen ions (ܱି, ܱଶି  and	ܱଶି) 
to CuO; consequently, the density of holes is decreased. Finally, the 
conductivity of CuO is further decreased. Meanwhile, the concentration of 
oxygen ions is reduced; thereby leading to a decrease in the magnitude of 
the negative quasi-gate, which results in a further decrease of conductivity of 
CuO[106]. Conversely, for oxidising gas, such as NO2, there will be a transfer 
of electrons from the CuO to NO2 through the following reaction at room 
temperature: 
 
                             ܱܰଶ ൅ ݁ି → ܱܰଶି                                                    (2-5) 
 
This deceases the quasi-Fermi level of CuO; thereby increasing the density 
of holes. Furthermore, the conductivity of CuO is enhanced. In addition, the 
negative charged chemisorbed NO2 molecules on the surface of CuO also 
acts as a negative gate bias and can increase the conductivity of CuO[106].  
 
The research progress of gas sensors based on CuO for the detection of H2S, 
CO and NOx is depicted in the following description. All of these gases are 
highly toxic; therefore, exposure to them will affect people's health, or even 
cause death. 
 
2.3.2 Gas sensors based on CuO for detection of H2S gas  
 
Hydrogen Sulfide (H2S) is highly toxic with an odour resembling“rotten eggs". 
When humans are exposed to an environment containing a low concentration 
of H2S, they will experience different physical reactions, such as dizziness, 
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nausea, vomiting, eye irritation and even eye damage. However, exposure to 
high high concentrations of H2S will seriously affect the respiratory and 
nervous systems, with the possibility of death[131, 132]. Therefore, it is 
important to detect the concentration of H2S by using gas sensors. The 
sensitivity performance of gas sensors based on CuO is characterised by 
measuring the variation of resistance at a certain temperature when exposed 
to the H2S gas. The sensitivity of gas sensors based on CuO is affected 
significantly by the structure of CuO, working temperature and humidity. The 
sensor response is defined as S=Ra/Rg, where Ra is the sensor resistance in 
clean dry air, and Rg is the sensor resistance measured in the presence of 
reducing gas[132]. 
 
N.S.Ramgir et al.[133] demonstrate that the minimum 100 parts per billion (ppb) 
concentration of H2S gas can be detected at room temperature by the gas 
sensors based on CuO thin films fabricated by thermal oxidation method. 
Meanwhile, there is the high sensor response ability for CuO thin films with 
small response time (~60s) and short recovery time (~90s) exposed in lower 
concentration (100ppb~400ppb) of H2S gas. The variation of sensor 
response of CuO thin films exposed in different concentrations of H2S gas is 
controlled by the different sensing mechanism. The literature[133] also 
demonstrates that the high sensing ability of CuO thin films under low 
concentration of H2S gas results from the reduction of H2S at the surface of 
CuO thin films with the adsorbed oxygen at room temperature; whereas the 
sensing ability of CuO thin films under high concentration (>50 part per 
million (ppm)) of H2S gas results from the formation of CuS at the surface of 
CuO thin films at room temperature. In addition, CuS can be further 
converted to CuO at 350°C under the flowing oxygen as well. 
 
Gas sensors based on nanostructure CuO attracted more interests in recent 
years because of its highly effective surface areas and excellent sensing 
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performance[106]. Steinhauer et al[134] discover that gas sensors based on 
CuO NWs can detect the lowest concentration (10 ppb) of H2S at 325°C in 
both of dry and humid atmospheres. Moreover, sensors based on CuO NWs 
with smaller diameter exhibit a higher sensor response performance. The 
typical structure of CuO NWs sensor device with high sensor response 
exposed in ppb level H2S gas and its sensing properties at 325°C in dry air 
and humidity atmosphere are illustrated in Fig. 2.3.1. The highest sensor 
response is found in an atmosphere with high humidity. The baseline 
resistance of sensors in the humidity is higher than in dry air, which results 
from the following reactions on the surface of CuO[135]: 
 
    ܱି ൅ ܪଶܱ ൅ 2ܥݑ஼௨ ൅ ݄ା ↔ 2ሺܥݑ஼௨ା െ ܱܪିሻ ൅ ܵ௖௛௘௠                 (2-6) 
 
Here, ܱି is an adsorbed oxygen ion on the surface of CuO NWs, H2O the 
vapour molecular in the humidity, CuCu a Cu site on the surface, h+ the hole 
with positive charge, ሺܥݑ஼௨ା െ ܱܪିሻ the formed terminal hydroxyl groups and 
Schem a surface site for chemisorption of oxygen. The concentration of ܱି 
decreases with the vapour increasing in the humidity by the reaction (2-6), 
which further leads to the increase of sensor resistance because of the 
reaction(2-4). It is also demonstrated[135] that the ሺܥݑ஼௨ା െ ܱܪିሻ  group 
increases the work function of CuO NWs, which prevents electrons from 
escaping from CuO NWs and makes sensor resistance further increasing. 
The sensor response of CuO NWs is stable in different relative humidity. 
Therefore, p-type semiconductor CuO is an excellent candidate as a sensor 
for the detection of H2S. 
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Fig.2.3.1 Structure of a CuO NWs sensor device, the variation of sensor 
resistance at 325°C and its corresponding gas response in dry air and 
different relative humidity atmosphere[134]. 
 
Gas sensors based on p-n junction for the detection of H2S gas are also 
studied in order to improve their sensor properties, such as high response, 
high sensitivity, short response time and fast recovery time. The typical 
sensors are SnO2-CuO[136], ZnO-CuO[137] and WO3-CuO[138]. However, of 
these, sensors based on SnO2-CuO are the most important for the detection 
of ppm level H2S. Manish Kumar Verma et al.[132] summarise sensor 
properties based on SnO2-CuO of ppm level (1~1000) H2S gas at the 
operating temperature range of (RT~ 300°C). In their work, when the sensor 
is exposed to the H2S gas with a concentration of 20ppm, the minimum 
response time is 2s and the corresponding response is 2.7×104 at the 
operating temperature of 140°C. The sensing mechanism of sensors based 
on SnO2-CuO p-n junctions is the formation of CuS on the surface when the 
sensor is exposed in ppm level H2S. When the CuO converts to metallic CuS, 
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p-n junction is destroyed; consequently, the resistance of sensors is 
decreased[137].  
 
2.3.3 Gas sensors based on CuO for detection of CO gas 
 
Another application of sensors based on CuO is used to detect carbon 
monoxide (CO) gas. As we know, CO is a colourless, odourless and 
tasteless gas, but it is highly toxic. It combines with haemoglobin to produce 
carbon-haemoglobin and, subsequently, prevents haemoglobin from 
delivering oxygen to bodily tissues[139]. Consequently, it may cause headache, 
nausea, seizure, coma and even fatality from exposure to high 
concentrations of CO. Therefore, it is important to detect the concentration of 
CO in places it can be produced by the incomplete combustion of fuel.  
 
Gas sensors based on CuO for detection of CO can be synthesised using 
different technologies, such as sintering[122], thermal oxidation[140], RF 
magnetron sputtering[141] and wet chemical route[142]. Of these, thermal 
oxidation method is always used to fabricate CuO NWs. CuO NWs are 
promising in the development of highly efficient gas sensors because of their 
effective surface area, suitable electrochemical activity and capacity for 
electron transfer[143]. Research[144] demonstrates the lowest identified 
concentration of CO detection in dry air for the suspended CuO NW is 
~1ppm, which means CO gas can be detected in its early stage of production 
by incomplete burning of fuel or other methods. When sensors are exposed 
in CO gas with higher concentration (500ppm-1000ppm), there is high 
sensing response and short response time (<10s) at the working temperature 
range of 200°C ~ 250°C[43]. With the working temperature rising in dry air 
from the room temperature to 400°C[140], the relationship between the 
sensitivity of sensors and the working temperature presents parabola. In 
addition, the humidity can increase the sensing response of sensors for the 
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detection of H2S gas. Conversely, it will reduce the sensitivity of sensors for 
the detection of CO gas[135]. 
 
The sensing mechanism of sensors based on CuO NWs for the detection of 
CO is similar to that for the detection of H2S. Both are detected by the 
reaction between the reducing gases (H2S and CO) and the absorbed 
oxygen on the surface of NWs; thereby resulting in the decrease of the 
conductivity of sensors. When CO molecules are adsorbed on the surface of 
CuO NWs, the Cu-CO bonds are formed on the Cu2+ sites, which consists of 
the donation of CO 5σ electrons to the metal and the reverse donation of π-
electrons from d orbital of Cu to CO[43]. Consequently, the adsorption and 
reaction at the Cu sites enhance the reaction of CO with the oxygen species 
and result in the enhancement of the CO reactivity observed in the CuO NW 
sensor[43]. Therefore, Cu2+ plays an important role in the sensing mechanism 
of sensors based on CuO. 
 
2.3.4 Gas sensors based on CuO for the detection of NOx 
gases  
 
NOx is the general term used to describe two types of nitrogen oxides: 
nitrogen dioxide (NO2) and nitric oxide (NO). NOx is a by-product of 
combusting substances in the air; for example, in automobile engines, fossil 
fuel power plants and gas heaters, etc. It is also produced naturally during 
the electrical discharges of lightening during thunderstorms[144]. NO can be 
converted to nitric acid in the air; thereby producing acid rain. Furthermore, 
both NO and NO2 contribute to the depletion of the ozone layer [144]. NO2 is 
toxic by inhalation and symptoms of poisoning tend to manifest themselves 
several hours after inhalation of a low but potentially fatal dose[145]. Therefore, 
in order to avoid excessive emission of NOx, it is important to detect the 
concentration of NOx in the places where they are produced by humans.  
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Previously, NOx sensors were fabricated by oxides, such as Na-Zr-Si-P-O 
system, Pb-Ru-O system, Pb-Ir-O system, La-Sr-Ni-O system, Zn-Fe-O 
system, Zn-Cr-Osystem and YSZ (yttria-stabilized zirconia, Y2O3-ZrO2 
system)[146, 147, 148, 149]. All of these complex oxides are fabricated by sintering 
their powder blends at high temperature. Despite the fact that excellent 
sensing performance are achieved by studying these oxides, the cost of 
these sensors are high due to the rare elements (Y, La, Ir, Ru, etc); moreover, 
these oxides are toxic and not environmental-friendly materials. In addition, 
the structure of sensors is complex. In order to overcome these problems, 
sensors based on semiconductor metal oxides have been developed in 
recent years. For instance, tungsten trioxide (WO3[150]) and tin dioxide 
(SnO2[151]) are used to fabricate NOx sensors. As we know, WO3 and SnO2 
are n-type semiconductors. The sensing response, response time and 
recovery time of SnO2 sensors are depending on NO2 concentration and the 
variation of working temperature from room temperature to 600°C, which 
results from the different sensing mechanism at different working 
temperature and concentration[152]. Conversely, p-type semiconductor metal 
oxides can be used to fabricate NOx gas sensors. Moreover, gas sensors 
based on CuO NWs can be used to detect NOx gas. CuO NWs can be 
fabricated by multiple methods, especially thermal oxidation method, which 
has the advantages of low cost, easy manipulation during processing and 
non-contamination.  
 
Compared with SnO2 sensors, the sensing response and recovery time of 
CuO NWs sensors also depend on working temperature and NO2 
concentration. However, Yoon-Sun Kim et al.[153] found that sensing 
mechanisms are determined by the following reactions: 
 
         ܱܰଶ ൅ ܱି → ܱܰ ൅ ܱଶ ൅ ݁ି     (T=400°C, [NO2]<5ppm)             (2-7) 
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               ܱܰଶ ൅ ݁ି → ܱܰ ൅ ܱି      (T=400°C, [NO2]>30ppm)             (2-8) 
 
When the NO2 concentration is lower than 5ppm, the sensing mechanism is 
determined by the reaction (2-7); consequently, the resistance of p-type CuO 
NWs sensors are increased because of electron generation. In contrast, with 
the increase of NO2 concentration (>30ppm), the resistance of p-type CuO 
NWs sensors is decreased due to the electron consumption by the 
reaction(2-8). In addition, sensing properties can be enhanced by fabricating 
sensors with hetero-junction configuration. For instance, the sensing 
response, response time and recovery time of CuO sensors with hetero-
junction (CuO-ZnO) can be improved significantly on exposure to 29ppm NO2 
at the working temperature range of 250°C~ 400°C[154]. 
 
The development of gas sensors based on CuO has been described briefly. 
As a result, p-n junction structure plays an important role in the properties of 
CuO sensors. ZnO is one of the most important n-type semiconductors.  
Therefore, it is necessary to further describe in more depth the development 
of ZnO.  
 
2.4 Fabrication, characterisation and application of 
AZO thin films 
 
Transparent conductive oxide (TCO) materials are employed widely as 
electrode materials in a variety of optoelectronic devices, including 
photovoltaic cells[155], organic light-emitting diodes (OLEDs)[156] and flat panel 
displays[157], etc. The most extensively used TCO material is indium tin oxide 
(ITO), because of its high conductivity and optical transparency over visible 
wavelength[158]. However, most recent research focuses on alternative TCO 
materials due to high cost and toxicity of of indium. One of the most potential 
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alternative materials is n-type AZO (conductive Al doped ZnO), which is of 
large resources, lower material cost, excellent optical and electrical 
properties, high thermal and chemical stability and non-toxic[159, 160, 161].   
 
2.4.1 Structure of ZnO and AZO 
 
ZnO crystals have two main different structures[162]: hexagonal wurtzite and 
cubic zincblende, as illustrated in Fig. 2.4.1. In the wurtzite crystal structure, 
each atom is surrounded by four adjacent atoms at the corner of a 
tetrahedron. The wurtzite crystal structure can be regarded as two 
interpenetrating hexagonal sublattices with one sublattice displaced from the 
other along the [001] direction. The ZnO wurtzite crystal structure has no 
inversion symmetry because of the ܲ6ଷ݉ܿ space group, which results in the 
piezoelectricity performance in the ZnO material. Its lattice parameters are 
a=3.24265Å and c=5.1948 Å[55] and, consequently, the ratio of c/a is 1.60, 
which is close to the ideal value of hexagonal cell (c/a=1.633).  
 
 
 
Fig.2.4.1 A schematic representation of ZnO crystal structures: wurtzite (left) 
and zincblende (right)[163]. 
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In the zincblende crystal structure, each atom is surrounded by four adjacent 
atoms at the corner of a tetrahedron. The zincblende crystal structure can be 
regarded as two interpenetrating face-centered cubic (fcc) sublattices with 
one sublattice displaced from the other by one quarter of the distance along a 
diagonal of the cubic, which is similar to that of diamond. However, the 
difference is that both sublattices are composed of two different atoms in 
zincblende. The ZnO zincblende unit cell belongs to cubic system with a 
ܨ4ത3݉  space group (PCPDF No. 65-2880) and its lattice parameter is 
a=4.47~4.60Å[164,165]. Compared with wurtzite ZnO, zincblende ZnO has 
lower inonicity[164]. Research[166] indicates that zincblende crystal structure is 
thermally stable in most of Zn-VIA materials, such as ZnS, ZnTe, and ZnSe, 
except for ZnO. Therefore, Zincblende ZnO can be fabricated by growing it 
on the substrate that has a zincblende structure[165]. In the two ZnO crystal 
structures, the most stable structure is wurtzite at ambient conditions due to 
its ionicity that resides exactly at the borderline between covalent and the 
ionic materials[164]; thus, it is most common. The band structure of wurtzite 
ZnO is illustrated in Fig. 2.4.2 to demonstrate that wurtzite ZnO is a direct 
band gap semiconductor with the wide band gap of 3.37 eV at room 
temperature [168].  
 
 
 
Fig.2.4.2 Band structure of wurtzite ZnO in the local density 
approximation[167]. 
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AZO is the conductive Al doped ZnO; therefore, its crystal structure is 
hexagonal wurtzite because of only c-axis [0002] orientated diffraction peak 
detected in XRD analysis[169, 170, 171]. Al can dissolve in ZnO as Al0, Al+2 and 
Al+3 ions[172] or form separated Al2O3[169] and ZnAl2O4[173] compounds in ZnO 
by controlling conditions during the fabricating processing. Generally, with 
regard to the actual states of AZO films, there are three kinds of 
configurations of Al in the ZnO lattice [172]: (1) Al displaces the site of Zn, 
which is the desired outcome because of the stable carrier; (2) Al enters an 
interstitial position, which is unstable because the interstitial Al can escape 
from the lattice; (3) Al enters as a separate compound AlOx, which will 
seriously scatter electrons and significantly degrade the electrical property of 
AZO. 
 
The electrical and optical properties of AZO is controlled by its band structure; 
thereby necessitating further research. When Al substitutes the site, by 
replacing Zn2+ with Al2+, Zn occurs at low temperature in order to retain the 
charge-neutrality in the material. It is known that Al (Al0, Al2+ and Al3+) is a 
shallow donor and, consequently, localised gap states will be introduced into 
the band gap of ZnO. Therefore, a valence electron will be excited into the 
CB at high temperatures through the following reaction[172]: 
 
                                                   ܣ݈ଶା → ܣ݈ଷା ൅ ݁                                   (2-9) 
 
Consequently, the AZO film has a high carrier concentration and high 
conductivity. However, the outer-shell electronic structure of Al2+ is 3s1, 
therefore, Al2+ is thermally unstable at oxidizing conditions. When the ZnO is 
a perfect structure, Al0 atoms enter the interstitial sites.  
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The interstitial Al0 is also a shallow donor in ZnO and three valence electrons 
in each Al0 atom can be excited into CB at high temperature; therefore, the 
AZO film has extremely high conductivity under these conditions. However, 
the interstitial Al0 remains thermally unstable and easy to escape from the 
lattice or oxidized under oxidizing conditions. In addition, Al0 atoms also have 
the opportunity to substitute the sites of Zn in ZnO, and oxygen vacancies 
are formed simultaneously to retain the charge-neutrality in the material. 
Each absolute Al0 atom has three valence electrons; one can be excited into 
valence band at high temperature, but two will be captured by oxygen 
vacancies and forms acceptor-like localized gap states, which will seriously 
affect the lifetime of carriers in AZO. Furthermore, its mobility is reduced.  
 
When Al3+ ions substitute the sites of Zn in ZnO, according to the charge-
neutrality principle, Zn vacancies will be formed at low temperature. Two Al-O 
bonds are formed with the two nearest O2- in the condition and one valence 
electron is also captured by the Zn vacancy at high temperature. 
Consequently, the conductivity of AZO thin films is low under the growing 
mechanism. As a result, it can be observed that the band structure of AZO 
thin films is controlled by location of Al in the ZnO lattice and categories of Al. 
This can become truth by controlling the fabricating method and the 
corresponding conditions.  
 
2.4.2 Fabrication of AZO thin films 
 
AZO thin films can be fabricated using multiple technologies, such as sol-
gel[174], wet chemical route[175], DC magnetron sputtering[176], pulsed DC 
magnetron sputtering[177], RF magnetron sputtering[178], RF reactive 
magnetron sputtering[172], atomic layer deposition[179] and pulsed laser 
ablation[180]. Of these, the most popular and vital technology for fabricating 
AZO thin films is RF magnetron sputtering due to its low cost and suitability 
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for large area thin films deposition. Compared with the properties (1×10-
3~2×10-2Ω·cm, 85% transparency) of AZO thin films fabricated using other 
chemical methods[174, 175], AZO thin films fabricated by DC/RF magnetron 
sputtering technology have the advantages of uniform, low resistivity (~1×10-
4Ω·cm[181]), high photons transmittance in visible region (95% [181, 182]), etc. 
 
The important fabricating parameters of AZO thin films and their 
corresponding electrical and optical properties are summarised in Tab2.6. 
From this data, it can be seen that RF magnetron sputtering is the most 
promising technology for industrial production. During sputtering processing, 
ZnO-Al2O3 ceramic targets are used to deposit AZO thin films under high 
vacuum conditions in order to obtain AZO thin films with low resistivity and 
high transmittance in visible region. Note that all these properties are 
measured at room temperature. 
 
Tab.2.6 The summarised fabricating parameters of AZO thin films under 
different preparation technology and its corresponding resistivity and 
transmittance in visible region. 
 
Deposition  
method 
Deposition parameters 
Properties 
Resistivity 
Ω·cm 
Transmittanc
e 
/100% 
RF 
Magnetron 
sputtering[183] 
Target: ZnO-2wt.%Al2O3, Distance: 18cm, Chamber 
pressure: 3.0×10-7 Torr, working pressure: 5×10-3Torr, 
Substrate Temperature: Room Temperature, RF Power: 
75-150W, sputtering gas: Ar (15sccm), substrate: Corning 
glass. 
~1.0×10-3 ~87 
DC 
Magnetron 
sputtering[184] 
Target: ZnO-1wt.%Al2O3, Distance: 11.7cm, Chamber 
pressure: 2.0×10-7 Torr, working pressure: 3×10-3Torr, 
Substrate Temperature: 250°C, DC power: 500W, 
sputtering gas: Ar (20sccm), substrate: Coring glass/ITO. 
(0.199-
3.63)×10-
4 
82-90 
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Hollow 
cathode gas 
flow 
sputtering[185] 
Target: Zn-1.5wt.%Al alloy, working pressure: 0.45Torr, 
power: 1500W, Substrate Temperature: 200°C, sputtering 
gas: Ar/O2 (3000/25) sccm,  substrate: Coring glass. 
(5.2-6.4) 
×10-4 
>80 
Hot cathode 
plasma 
sputtering[186] 
Target: ZnO-2wt.%Al2O3, chamber pressure: 2.0×10-7 
Torr, distance: 5cm, substrate: Glass. 
4.0×10-4 
--- 
 
Atomic layer 
deposition 
(ALD)[179] 
Substrates: polished Si(100), borosilicate glass and 
sapphire (0001), substrate temperature: 200°C, deposition 
gas: Ar 10sccm, chamber pressure: 5 ×10-2 Torr , 
precursors: Diethylzinc, Trimethylaluminum and DI water, 
cycle ratio(Zn:Al):15:1, Al content: 1.3wt.% 
3.0×10-3 
(on glass) 
7.7×10-4 
(on 
sapphire) 
>80 
Pulsed-laser 
deposition 
(PLD)[187] 
Target: ZnO-2wt.%Al2O3, substrate: glass, Laser source: 
KrF, Pulse rate: 10Hz, Power: 2J/cm2, Distance:4.7cm, 
Chamber pressure: 1×10-5 Torr, Substrate temp.: 200°C, 
gas: O2:5sccm 
3.8×10-4 ~91 
RF 
Magnetron 
sputtering[188] 
Target: ZnO-2wt.%Al2O3, Distance: ~9cm, working 
pressure: 9.98×10-3 Torr, RF power:25-170W, Substrate 
temperature: 200°C, Substrates: sapphire and quartz 
(1.4-3.0) 
×10-4 (on 
sapphire) 
---- 
Sol-gel[189] 
Al content in AZO  thin films:0.97wt.%, 
Precursors: Aluminum chloride, MEA, 2-methoxyethanol, 
zinc acetate dihydrate, substrates: glass, Rotate:3000rpm, 
duration: 30s, annealed at 600°C for 1h in air 
5.0×10-1 >90 
RF 
magnetron 
sputtering[190] 
Target:Zn-2wt.%Al alloy, distance:9cm, Chamber 
pressure: 1.5×10-6 Torr, substrate: glass, working 
pressure: 3×10-3 Torr, MF power: 3300W,  sputtering gas: 
Ar/O2 (160/66)sccm, substrate temperature: 50-300°C 
Min: 
4.6×10-4 
---- 
RF 
magnetron 
sputtering[191] 
Target: commercial AZO target,  substrate: Soda-lime 
glass, distance: 7cm, sputtering gas: Ar; power: 100W, 
working pressure: 5×10-3 Torr, substrate temperature: 90-
190°C 
1×10-3 90 
Cylindrical 
rotating DC 
pulsed 
magnetron 
sputtering[192] 
Target: ZnO-2wt.%Al2O3, substrate: Corning eagle glass, 
working pressure: (1-15) ×10-3 Torr, DC power: (1-4)kW, 
substrate temperature: from room temperature to 230°C, 
thickness: 100nm-1000nm 
(5.4-
6.4)×10-4 
~90 
Chapter2: Literature review 
 
58 
 
Reactive 
magnetron 
sputtering[193] 
Target: Zn-1.5wt.%Al alloy, working pressure: 3.75×10-3 
Torr, power: 2-4kW, substrate temperature: 200°C, 
substrate: quartz , the deposition with unipolar pulsing and 
impedance control system. 
Min: 
3.8×10-4 
(on 
Quartz) 
85 
RF 
magnetron 
sputtering[194] 
Target: ZnO-2wt.%Al2O3, distance:15cm, substrate 
temperature: Room Temperature, substrate: Si (100), 
sputtering gas: Ar; RF Power: 50-150W, chamber 
pressure: <1.53×10-6 Torr, working pressure: 5×10-3 Torr, 
rotate: 20rpm 
(1.5-
5.5)×10-3 
>90 
RF 
magnetron 
sputtering[195] 
Target: ZnO-1wt.%(-0wt.%,-3wt.%, 5wt.%)Al2O3, 
substrate: Coring glass, chamber pressure: ~5×10-6 Torr, 
working pressure: (1-10) ×10-3 Torr, sputtering gas: Ar, RF 
power: 50-300W, distance: 6cm, substrate temperature: 
50-300°C 
(4.7-27) 
×10-4 
~90 
RF 
magnetron 
sputtering[159] 
Target: ZnO-2wt.% Al2O3, Chamber pressure: 3×10-6 Torr, 
Distance: 5-8cm, Ar : 15-75sccm, RF power:100-500W, 
Substrate temperature: Room Temperature, Substrate: 
Quartz 
4.64×10-4 >93 
Facing 
targets 
reactive 
magnetron 
Sputtering[171] 
Target: Zn(5N) and ZnO-2wt.%Al2O3, substrates: glass 
and polyethersulfone (PES), thickness: 100nm, chamber 
pressure: 1×10-6 Torr, working pressure: 1×10-3 Torr, 
substrate temperature: Room Temperature, Power: 100W, 
150W and 200W(glass), 100W(PES), sputtering gas: O2: 
(O2/(Ar+O2)) 0.1-0.4 
2.4×10-3 
(on glass) 
4.4×10-3 
(on PES) 
 
80(glass and 
PES) 
RF 
magnetron 
sputtering[181] 
Target: ZnO-2wt.%Al2O3,  working pressure: 1×10-2 Torr, 
thickness: 500nm, RF power: 180W, substrate: corning 
glass, substrate temperature: Room temperature 
~1.4×10-4 95 
Magnetron 
sputtering[196] 
Target: ZnO-2wt.%Al2O3, substrate temperature: Room 
temperature, substrates: Glass, Si(100), chamber 
pressure: 3.75×10-7 Torr 
~1.25× 
10-3 
>90 
DC 
magnetron 
sputtering; 
DC+RF 
magnetron 
sputtering[197] 
Target: ZnO-Al2O3, thickness: 200nm, sputtering gas: Ar, 
substrate temperature: 200°C, substrate: glass, DC 
power: 200W/DC power 100W+RF power 100W, working 
pressure: 3×10-3 Torr 
4.5×10-4 
(DC) 
4.8×10-3 
(DC +RF) 
---- 
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RF 
magnetron 
sputtering[198] 
Target: ZnO-2wt.%Al2O3, substrate: glass, chamber 
pressure: 6×10-7 Torr, working pressure: 7.5×10-2 Torr, 
distance: 6.5cm, sputtering gas: (Ar+H2), substrate 
temperature: Room temperature 
5.08×10-4 82-84 
Pulsed DC 
magnetron 
sputtering[170] 
Target: ZnO-0.8wt.%Al2O3, chamber pressure: 5×10-6Torr, 
working pressure: 5×10-3Torr, sputtering gas: Ar, Pulsed 
frequency: 10-50kHz, substrate temperature: 400°C, 
thickness: 250nm, substrate: glass 
7.4×10-4 85-90 
RF Reactive 
magnetron 
sputtering[199] 
Target: ZnO-2wt.%Al2O3, substrate: Si(100), sputtering 
gas(Ar+O2), O2 fraction: 0-0.9, rotate: 5rpm, working 
pressure: 2×10-3Torr, RF power:120W, substrate 
temperature: 300°C, thickness: 250nm, High-energy beam 
irradiation treatment (0.8MeV) in air at room temperature 
3.43×10-3 
(0.71-
2.12 )×10-
1 
----- 
DC  reactive 
magnetron 
sputtering[182] 
Target: pure Zn with Al foil attached on the surface, 
substrate: Corning glass, substrate temperature: Room 
temperature, O2 fraction: 5-25%, Power: 50-100W. 
10-2 95 
MF 
magnetron 
sputtering[200] 
Target: ZnO-2wt.%Al2O3, chamber pressure:3×10-5Torr, 
working pressure: 7.5×10-2Torr, sputtering gas: Ar, 
substrate temperature: Room temperature, Power: 120-
1800W, substrate: glass 
7.56×10-4 83 
DC & RF 
Magnetron 
sputtering[201] 
Targets: ZnO-(2.0-3.0)Al2O3, sputtering gas: Ar, 
substrates: Corning glass and sapphire (11-20), substrate 
temperature: (100-400)°C, Power: 80W(DC) and 
50W(RF), working pressure: 1.95×10-3Torr (DC) and 
6.0×10-3 Torr (RF) 
~4×10-4 ----- 
RF 
Magnetron 
sputtering[202] 
Targets: ZnO-2wt.%Al2O3 and pure Mo, substrate:  glass, 
sputtering gas: Ar(180sccm for AZO and 40sccm for Mo), 
substrate temperature: 70°C (AZO)  and room 
temperature ( Mo), chamber pressure: 3×10-6Torr, working 
pressure: 4×10-2Torr ( AZO )and 1×10-2Torr (Mo), RF 
power: 250W (AZO) and 100W (Mo), thickness: 
30nm(AZO) and 5-15nm(Mo) 
 
9×10-5 
 
>75 
(AZO/Mo/AZ
O) 
RF 
Magnetron 
sputtering[203] 
Target: ZnO-2wt.%Al2O3, sputtering gas: Ar, distance: 
9cm, working pressure: 9.975×10-3Torr, RF power: 40W, 
substrate temperature: 50- 400°C, substrates: sapphire 
and quartz. 
(Min)1.5×
10-4 
~90 
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2.4.3Charaterisation of AZO thin films 
 
The quality of AZO thin films is determined by their electrical resistivity and 
transmittance in visible region. From the Tab. 2.6, it can be seen that these 
properties are affected by sputtering parameters, such as substrate 
temperature, RF power, the distance between the target and substrates, the 
ratio between sputtering gas (Ar) and reactive gas (O2), targets and substrate 
categories.  
 
Shou-Yi Kuo et al.[183] report that when AZO thin films are deposited by RF 
magnetron sputtering at room temperature under high vacuum conditions, 
the RF power affects the electrical resistivity of AZO thin films. Moreover, the 
relationship between low RF power and electrical resistivity was parabola, 
but the average transmittance in visible region was ~87%. Shinho Ko[178] 
investigated the effect of substrate temperature (100~400°C) on electrical 
and optical properties of AZO thin films deposited by RF magnetron 
sputtering technology. He found that carrier concentration increased 
alongside the rise in substrate temperature. The maximum carrier 
concentration was 2×1020cm-3 at 200°C, but decreased while the temperature 
further increased. However, the resistivity of AZO thin films was decreased 
as the temperature increased. Conversely, the maximum average 
transmittance in visible region was 92% when the AZO thin films were 
deposited at 200°C. Tseng et al.[204] reveal that the electrical and optical 
properties of AZO thin films deposited by RF magnetron sputtering at room 
temperature was promoted by the increase in sputtering pressure. Jeong and 
Boo[205]  
studied the effects of the target-substrates distance on the properties of AZO 
thin films deposited by RF magnetron sputtering at room temperature with RF 
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power of 150W. They found the growth rate of AZO thin films decreased as 
the distance increased, but its electrical resistivity was increased due to the 
increase of crystal size in AZO thin films. The optimised distance was 45mm 
and the resistivity was the lowest with the average transmittance 85% in the 
visible region. You Seung Rim et al.[171] reported the effects of O2 flow rate on 
the transmittance in visible region of AZO thin films deposited at room 
temperature. They found the transmittance in visible region of AZO thin films 
were decreased with O2 flow rate increasing and the growth rate were also 
decreased.  
 
Recently, a thin metallic buffer layer (Mo[202], Al[204], Fe[206], Cu[207], Ag[176], etc) 
was introduced into AZO thin films to further reduce its electrical properties 
without decreasing its average transmittance in visible region. The electrical 
resistivity and transmittance of AZO-Metal-AZO thin films depends on the 
thickness of AZO thin films and that of the metallic buffer layer. As the 
thickness of buffer layer increases, both the resistivity of AZO thin films and 
transmittance in visible region are reduced. For instance, Tianlin Yang et 
al.[207] found when the thickness of Cu was 8nm and the optimised thickness 
of AZO thin films was 40nm, the resistivity of AZO/Cu/AZO was 7.92×10-
5Ω·cm with the average transmittance of 84% in visible region.  
 
IFurthermore, in order to improve properties of ZnO and AZO, other doped 
ZnO and co-doped AZO have been investigated as well. The doping 
elements include V[208], Ga[209], Cr[210], Sc[211], Mg[212], Mn[213], Cu[214], B[215], 
N[216], F[217], etc. Consequently, applications of TCO based on doped ZnO are 
extensively extended.  
 
2.4.4 Application of AZO thin films 
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TCO as a transparent electrode can be applied to fabricate either light-
emitting diodes (LEDs), based on GaN, or light-absorbing diodes. TCO plays 
an important role in improving the extraction efficiency of LEDs. The contact 
between the TCO thin film and the underlying p-GaN layer must be ohmic 
with low resistance in order to minimise the voltage drop and, thus, power 
dissipation[218]. Research indicates that ITO[219], GZO[220] (Ga doped ZnO) 
and AZO[221] have ohmic contact characteristics with GaN layer. For example, 
the transmittance of ITO (~90%) is much higher than that of Ni/Au; 
consequently, the ITO-LEDs perform much better in terms of output power 
and electroluminescence (EL) density[218]. However, AZO and GZO are 
excellent candidates to replace ITO as transparent electrodes in GaN based 
LEDs because of the high cost of indium. Since both of AZO and GaN have 
the same wurtzite crystal structure with a small lattice mismatch of ~1.8%, 
these favourable properties help lay the groundwork for epitaxial growth of 
AZO electrode on GaN-LEDs with improved carrier mobility and optical 
transparency[218]. Therefore, the AZO layer results in the enhancement of the 
light output power and the blue LEDs have excellent EL performance[222]. In 
contrast, another important application of AZO is light-absorbing devices, 
such as solar cells.   
 
 
2.5 Application of structural engineering CuO 
and AZO in solar cells 
 
Solar photovoltaic energy conversion is defined as the direct production of 
electrical energy in the form of voltage and current from solar energy. 
Subsequently, such devices are termed solar cells, which are important 
candidates for an alternative terrestrial energy source. In addition, solar cells 
have been used successfully in space applications. Two basic steps are 
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required for the solar photovoltaic energy conversion[31]: (1) a light absorption 
process in the absorbing material results in the generation of charge carrier 
pairs (electrons and holes); (2) electrons are moved to one electrode to 
transmit electricity, while holes are moved to an opposite electrode. The 
effect was first discovered in 1839 by French physicist Alex-Edmond 
Becquerel. He found that the electricity was generated under the illuminated 
condition when silver chloride was placed into an acidic solution and 
connected to Pt electrodes[223].   
 
However, in subsequent years, the highest conversion efficiency measured 
on a commercial solar cell was 0.5%. This was the case until 1954, when the 
first commercial silicon p-n junction solar cells with ~6% efficiency were 
produced by Chapin et al. from Bell telephone laboratories[224]. To date, 
following years of development, solar cells based on silicon are the dominant 
photocells in the commercial market with the high efficiency of 18.5%[225]. 
Conversely, the single junction solar cells with silicon have a record efficiency 
of 27.6%[226] in laboratories. The large gap that exists between commercial 
solar cells and solar cells fabricated in laboratories results from 
thermaldynamic efficiency losses in current photovoltaics [227].  
 
Despite the fact that solar cells based on silicon are the most successful 
commercial photovoltaics, serious problems also exist; for example, low 
conversion efficiency, high manufacturing fees, and environmental pollution 
during manufacturing. Therefore, it results in the development of second 
generation solar cells because of the development of materials science and 
photovoltaic technologies. For instance, a single-junction solar cell with a 
record efficiency of 29.1%[226] is fabricated GaAs, while a multi-junction solar 
cell with an efficiency of 43.5%[226] comprises GaInP/GaAs/GaInNAs layers in 
laboratories. However, these solar cells remain so expensive that they 
cannot be used as commercial products due to the complex fabricating 
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method and high cost of raw materials. One approach is fabricating thin film 
solar cells by low cost materials of large natural resources. Research 
indicates that an ideal solar cell based on CuO has a theoretical efficiency of 
26.82%. In addition, Al doped ZnO can be used as the n-type window layer 
and electrodes in solar cells. Therefore, Al doped ZnO and CuO are good 
candidates for the solar cells with low-cost.  
 
2.5.1Dye-sensitised solar cells 
 
The first dye-sensitised solar cell (DSSC) was fabricated successfully by 
Brian O'Regan and Michael GrÄtzel in 1991[228]. The DSSC is comprised 
basically of a TCO (such as Fluoride doped Tin oxide, FTO) coated on glass, 
a transparent nanoparticle semiconductor (such as Titania) covered in a 
monolayer of sensitizing dye, a hole-conducting electrolyte and a platinum-
coated, FTO-coated glass back contact[229], as illustrated in Fig. 2.5.1. The 
dye is used as an absorber to produce excitons when exposed to light; after 
which, excitons dissociate at the dye-semiconductor interface, which results 
in the photogeneration of electrons[31]. The transparent semiconductor is 
used to move photogenerated electrons to front contact; in contrast, the 
electrolyte is used to move holes to back contact by reducing those oxidised 
dye molecules.  
 
 
Fig.2.5.1 The schematic of a typical DSSC[228]. 
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The n-type transparent semiconductor has a wide band gap. Therefore, with 
the exception of TiO2, other transparent semiconductors have been used to 
fabricate DSSCs, such as SnO2[230] and ZnO[231]. The efficiency of DSSC, 
based on ZnO, can be improved by increasing the thickness of ZnO 
electrodes and the residence time in the electrolyte solution; consequently, 
the highest efficiency is up to 5%[232].  
 
2.5.2Polymer solar cells 
 
Significant progress has been made on the research of solar cells based on 
inorganic semiconductors; however, organic semiconductors continue to 
attract more attention in photovoltaic cells because of its advantages, such 
as light-weight, flexibility, low-cost production, and the possibility of creating 
large-area devices[233]. Since conducting polymers were discovered and 
developed, polymer-based solar cells have become one of the most exciting 
research fields. A basic structure of an organic solar cell is TCO coated on 
the substrate (such as glass and plastic foil), PEDOT: PSS, blends of donors 
and acceptors (conducting polymers), and a top metal electrode with the low 
work function (such as Al)[234]. 
 
A PEDOT:PSS (poly(3,4-ethylen-dioxythiohene)-polystyrene-para-sulfonic 
acid) layer is deposited on TCO in order to reduce the probability of shorts on 
the surface of TCO as well as assist the hole injection/extraction[234]. The 
most commonly-used conducting polymers are PCBM ([6,6]-phenyl-C61-
butyric acid methyl ester) and P3HT (poly (3-hexylthiophene)), and their 
chemical structures are depicted in Fig. 2.5.2.  
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Fig.2.5.2 Chemical structures of P3HT and PCBM[235]. 
 
 
P3HT is a donor material with a narrow band gap of 1.9eV and a HOMO level 
of ~4.9eV[236]. PCBM is the most popular acceptor material in polymer-based 
solar cells with a band gap of 2.3eV and a HOMO level of 6.1eV[237]. When 
photons are absorbed by the donor, electrons in HOMO are excited to LUMO; 
meanwhile, holes are left in the HOMO. However, electron-hole pairs are not 
the free charge carriers and termed excitons. Excitons will diffuse to the 
interface between the donor and the acceptor, where they dissociate into free 
electrons and free holes due to the strong local electric fields. These fields 
can be supplied by adding the external applied electrical fields[234]. Note that 
excitons diffuse to the interface between the donor and the acceptor during 
their lifetime. Consequently, the diffusion length of an exciton is at least equal 
to the thickness of the bilayers, which should be at the same order of 
magnitude as the donor-acceptor phase separation length[234].  
 
The band structure of a polymer-based solar cell is given in Fig. 2.5.3. If the 
LUMO of the acceptor is lower than that of the donor, free electrons in the 
donor associated by excitons in the interface will transport to the LUMO of 
the acceptor and then collected by the Al electrode[238]. Meanwhile, free holes 
are collected by the ITO electrode. Consequently, free electrons and free 
holes in the donor are separated.   
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Fig.2.5.3 Band structure of a polymer-based solar cell[238]. 
 
 
The power conversion efficiency (PCE) of a polymer-based solar cell is 
determined by three important parameters; that is, short-circuit current (Isc), 
open-circuit voltage (Voc) and fill factor (FF). The max Isc is determined by the 
smaller optical band gap between two materials and the max Voc is 
determined by the difference between the HOMO of the donor material and 
the LUMO of the acceptor material[239]. FF is affected seriously by the series 
resistance (Rs), shunt resistance (Rsh) and diode[240].Overall, Rs can be 
divided into four parts[240]: (1) bulk resistance of the active layer and kinds of 
functional layers in the thin film; (2) bulk resistance of the electrodes; (3) 
contact resistance of every interface in the device; (4) probe resistance. 
Therefore, it is an important approach to improving FF by reducing the Rs in 
the device. Research[241] indicates that the FF of a solar cell reduces by 
roughly 2.5% with the Rs increasing by 0.1Ω. The Rsh is caused mainly by the 
current leakage in the device. The research[242] demonstrates that the 
component of the blend, the morphology of the active layer, the regularity of 
the conjugated polymer, the thickness of the active layer and the interface 
between active layer and top electrodes influence significantly the FF by 
affecting Rs and Rsh. In the literature[242], a Lithium Fluorine (LiF) ultra-thin 
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film (~1nm[243]) is deposited in order to improve the interface between the 
active layer and the top electrode; while preventing simultaneously excessive 
Al from diffusing into the active layer. Therefore, LiF as the electron-collecting 
buffer layer can increase significantly the FF of polymer-based solar cells. 
Meanwhile, FF and PCE of the polymer-based solar cells are enhanced 
remarkably by using metal oxides as a hole-collecting buffer layer. For 
instance, MoO3 can be used as the hole-collecting buffer layer deposited 
between the bottom electrode and the active layer, while the FF of the 
polymer-based solar cell can be increased from 43% to 56% with the 
thickness of MoO3 increasing from 0nm to 12nm[244]. At the same time, the 
PCE of FTO/MoO3/P3HT:ICBM (Indene-C60 Bisadduct) /LiF/Al solar cell is 
enhanced from 3.2% to 5.5% as well[244]. Recently, the FF of  polymer based 
solar cells have been enhanced significantly from 45.7% to 70.2% by using 
multi-stacks of C60/LiF as the electron-collecting buffer layer[245].  
 
It has been noted that the FF in polymer-based solar cell is limited by the 
diode. Peumans and Forrest[246] described a model on charge separation at 
the donor-acceptor interface on a polymer-based solar cell, in which 
predicted correctly the dependence of the FF on the band offset energy. 
Furthermore, Servaites et al.[247] studied the FF limit as a function of the 
donor-acceptor lowest unoccupied molecular orbital offset energy (ΔEc). 
They found that the FF was reduced with the ΔEc increasing. Conversely, 
Minlu Wang et al.[248] studied that the donor-acceptor highest occupied 
molecular orbital offset energy (∆Ev) affected the FF in polymer-based solar 
cell. Therefore, the FF depends on materials and their interface in the diode. 
To date, the record PCE of polymer-based solar cells is 10%[226]. 
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2.5.3 Thin films solar cells based on metal oxides 
 
The thin-film solar cell is made up usually of five parts: a TCO layer as the 
top electrode of device (ohmic contact); a window layer (p or n-type); an 
insulate layer (i-layer); an absorber layer (p-type); and a metal layer as the 
bottom electrode of device (ohmic contact) and the substrate. The physical 
and chemical properties differ between each layer;  furthermore, the overall 
performance of devices is affected. Consequently, understanding precisely 
these individual materials is essential in the design of solar cell device. 
Nevertheless, the interfaces between different layers are also important. This 
is because each layer has a different crystal structure; For example, lattice 
constant, work function, diffusion coefficient, thermal expansion coefficient, 
etc.. When combined, the generated interfaces can cause stress, defects, 
surface recombination centres, photon transmission/scattering, etc.[249]. As a 
result, consideration is also required of the controlling growth and accurate 
characterisation of the interface. For instance, the i-layer in the solar cell is 
used to improve the interface between the window layer and the absorber 
layer and consequently significantly increase the PCE of the solar cell[250]. In 
addition, the leakage current remains a big problem for p-n junction device; to 
eliminate leaking, a buffer layer could be introduced between the window 
layer and the absorber layer. Currently, the most commonly-used buffer layer 
materials include ZnO, TiO2, ZrO2[204, 249, 251]. The absorber layer with a 
narrow band gap must be a strong optical layer, and must be coupled with 
window layer to constitute a heterojunction structure. The usual absorber 
materials are listed as CuInSe2, CuO , CdTe, et al[79, 86, 249, 252].  
Copper oxides (CuO and Cu2O) thin films are good candidates as p-type 
absorber layers in metal oxides-based solar cells because of their excellent 
electrical and optical properties. Research[253] indicates the theoretical PCE 
of Cu2O-based solar cells is approximately 20% below AM1 solar illumination. 
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Thereafter, Cu2O-based solar cells are studied and developed in laboratories. 
One of the most important structures is the TCO-Cu2O n-p heterjunction solar 
cell. The TCO material in the solar cell is including Al doped ZnO[254], Mg-
doped ZnO[255], CdO[256], ITO[257], TiO2[258], and FTO[259] ,etc. Currently, many 
Cu2O-bsed solar cells are fabricated. For example, Ting Jen Hsuen et al.[260] 
reported that a PCE of 0.1% was obtained in the Glass/Ga doped ZnO/ZnO 
NWs/Cu2O/Pt/Au solar cell under AM2 solar illumination, whereby the Cu2O 
layer is deposited by RF magnetron sputtering method. Hideki Tanaka, et 
al[254] reported that a PCE of 1.2% was obtained in the AZO/Cu2O/Au solar 
cell under AM2 solar illumination, where the Cu2O layer is fabricated by 
thermal oxidation in air at 1000°C for 2-3 hrs. Mittiga et al.[257] reported that a 
PCE of 1.07% was obtained in the Au/Cu2O/ITO/ MgF2 solar cell under 
AM1.5 solar illumination; whereby the Cu2O layer is fabricated by thermal 
oxidation in the mixed N2/O2 gas atmosphere and MgF2 is used as the 
antireflection layer.  
Compared with the high theoretical PCE of Cu2O-based solar cells, the low 
PCE of solar cells fabricated in the laboratories results from the interface 
structure in the p-n junction. In order to overcome the problem, a buffer layer 
is used to improve the photovoltaic properties of solar cells. Mittiga et al.[257] 
reported that the PCE of ITO-Cu2O solar cells increased from 1.07% to 2.01% 
by introducing a ZnO buffer layer into the p-n junction under AM1.5 solar 
illumination, which was deposited by ion beam sputtering (IBS) at room 
temperature. Minami et al.[261] reported the influence of different buffer layer 
materials on the photovoltaic properties of Au/Cu2O/AZO solar cells. They 
found that the PCE of the solar cell increased to 4.13% by introducing a ZnO 
buffer layer (50nm thick), and to 5.38% by introducing an amorphous Ga2O3 
buffer layer (75nm thick) under AM1.5 solar illumination. 
The band gap of CuO is close to that of Si[262] and GaAs[263], matching the 
solar spectrum more closely; therefore, the achievable solar conversion 
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efficiency could be up to 33% for a single junction solar cells with a band gap 
close to 1.4eV[227]. The theoretical PCE of TiO2/CuO/Cu2O solar cells is 28.6% 
under AM1.5 illumination[264]. In the solar cell, TiO2 thin film is the n-type 
window layer, CuO thin film is the light absorber layer, while the Cu2O thin 
film is the voltage enhancement layer used to increase the Voc. Consequently, 
CuO can be used as one of the most promising candidates[265] to replace Si 
as the absorber layer in the solar cells due to the aforementioned advantages. 
 
References 
1R.Guan, H. Hashimoto, T. Yoshida. Electron-Microscopic study of the 
structure of a metastable oxide formed in the initial stage of copper oxidation. 
I. Cu4O. Acta Crytallographica Section B: Structural Science 40(1984) 109-
114. 
2R.Guan, H. Hashimoto, K. H. Kuo. Electron-Microscopic study of the 
structure of metastable oxides formed in the initial stage of copper oxidation. 
II. Cu8O. Acta Crytallographica Section B: Structural Science 40(1984) 560-
566. 
3R.Guan, H. Hashimoto, K. H. Kuo. Electron-Microscopic study of the 
structure of metastable oxides formed in the initial stage of copper oxidation. 
III. Cu64O. Acta Crytallographica Section B: Structural Science 41(1985) 219-
225. 
4P.E.D. Morgan, D.E. Partin, B.L.Chamberland, H.O'Keeffe. Synthesis of 
paramelaconite: Cu4O3. Journal of Solid State Chemistry. 121(1996) 33-37. 
5M.O'Keeffe, J.-O. Bovin. The crystal structure of paramelaconite, Cu4O3. 
American Mineralogist. 63(1978) 180-185. 
6http://en.wikipedia.org/wiki/Copper(I)_oxide. 
7L. Debbichi, M. C. Marco de Lucas, J. F. Pierson, P. Krüger. Vibrational 
Properties of CuO and Cu4O3 from first-principle calculations, and Raman 
Chapter2: Literature review 
 
72 
 
and Infrared microscopy. The Journal of Physical Chemistry C 116(2012) 
10232-10237.  
8S.Åsbrink, L. -J. Norrby. A refinement of the crystal structure of copper (II) 
oxide with a discussion of some exceptional E. s. d.'s. Acta Crystallographica 
Section B: Structural Science 26(1970) 8-15. 
9P.V.Madhavan, M.D.Newton. Electronic states of CuO. The Journal of 
Chemical Physics 83(1985) 2337-2347. 
10Paul S. Bagus, Constance J. nelin, Charles W. Bauschlicher Jr. On the low-
lying state of CuO. The Journal of Chemical  Physics 79(1983) 2975. 
11Harold Basch, Boman Osman. A modified effective core potential for the 
copper atom: low energy electronic state of CuO. Chemical Physics Letters 
93(1982) 51-55. 
12D.H.W. Den Boer, E. W. Kaleveld. Ab initio computations on small copper 
compounds-CuO. Chemical Physics Letters 69(1980) 389-395. 
13Markus Heinemann, Bianca Eifert, Christian Heiliger. Band structure and 
phase stability of copper oxides Cu2O, CuO and Cu4O3. Physical Review B 
87(2013) 115111. 
14B.K.Meyer, A.Polity, D. Reppin, M. Becker, P. Hering, P. J. Klar, Th. 
Sander, C. Reindl, J. Benz, M. Eickhoff, C. Heiliger, M. Heinemann, J. 
Bläsing, A. Krost, S. Shokovets, C. Müller, C. Ronning. Binary copper oxide 
semiconductors: from materials towards devices. Physica Status Solidi B 
249(2012) 1487-1509. 
15DangXin Wu, Qiming Zhang, Meng Tao. LSDA+U study of cupric oxide: 
electronic structure and native point defects. Physics Review B 73(2006) 
235206. 
16Phathaitep Raksa, Sanpet Nilphai, Atcharawon Gardchareon, Supab 
Choopun. Copper oxide thin films and nanowire as a barrier in ZnO dye-
sensitized solar cells. Thin Solid Films 517(2009) 4741-4744. 
Chapter2: Literature review 
 
73 
 
17C.C. Vidyasagar, Y. Arthoba Naik, T.G.Venkatesh, R. Viswanatha. Solid-
state synthesis and effect of temperature on optical properties of Cu-ZnO, 
Cu-CdO and CuO nanoparticles. Powder Technology 214(2013) 337-343. 
18Wei-Tang Yao, Shu-Hong Yu, Yong Zhou, Jun Jiang, Qing-Song Wu, Lin 
Zhang, Jie Jiang. Formation of uniform CuO nanorods by spontaneous 
aggregation: selective synthesis of CuO, Cu2O and Cu nanoparticles by a 
solid-liquid phase arc discharge process. The journal of Physical Chemistry B 
109(2005) 14011-14016. 
19F.-M. Kiessling, P.Rddolph. Vacancy-type defects in boron-reduced VCz 
GaAs crystals. Journal of Physics and Chemistry of Solids 69(2008) 289-293. 
20Xiaochao Zhang, Caimei Fan, Yawen Wang, Yunfeng Wang, Zhenhai 
Liang, Peide Han. DFT+U predictions: the effect of oxygen vacancy on the 
structural, electronic and photocatalytic properties of Mn-doped BiOCl. 
Computational Materials Science 71(2013) 135-145. 
21VI. Kolkovsky, L.Dobaczewski, K. Bonde Nielsen, V.Kolkovsky, A. 
Nylandsted Larsen, J. Wdber. Donor level of interstitial hydrogen in 
semiconductors: deep level transient spectroscopy. Physica B 404(2009) 
5080-5084. 
22A. Amore Bonapasta, P. Giannozzi. Defect engineering in III-V ternary 
alloys: effects of strain and local charge on the formation of substitutional and 
interstitial native defects. Physica B 308-310 (2001) 846-849. 
23Zs. Rak, S. D. Mahanti, Krishna C. Mandal. N. C. Fernelius. Electronic 
structure of substitutional defects and vacancies in GaSe. Journal of Physics 
and Chemistry of Solids 70(2009) 344-355. 
24Zheng Wen-Chen, Wu Xiao-Xuan, Zhou Qing, He Lv. Investigation of the 
EPR parameters and subtitutional sites of Ni3+ ions in CuGaS2 and AgGaS2 
ternary semiconductors. Materials Science and Engineering B 130(2006) 
273-276. 
Chapter2: Literature review 
 
74 
 
25K.Masuda-Jindo, R. Kikuchi. Study of the misfit dislocations in 
semiconductor heterostructure by density functional TB molecular dynamics 
and path probability methods. Microelectronics Journal 34(2003) 615-617. 
26Hisao Taira, Hiroyuki Shima. Optical conductivity of semiconductor crystals 
with a screw dislocation. Solid State Communications 177(2014) 61-64. 
27J. L. Yin, M. L. Hu, Z. Z. Yu, C. X. Zhang, L. Z. Sun, J. X. Zhong. Direct or 
indirect semiconductor: the role of stacking fault in h-BN. Physica B 406(2011) 
2293-2297. 
28Shenghuang Lin, Zhiming Chen, Yintu Ba, MingChao Yang, Lianbi Li. 
Stacking faults at the boundary between 15R- and 4H-polytype in SiC. 
Materials Letters 81(2012) 27-30. 
29Clas Persson, Alex Zunger. Anomalous grain boundary physics in 
polycrystalline CuInSe2: the existence of a hole barrier. Physical Review 
Letters 91(2003) 266401. 
30P. Leret, M. A. de la Rubia, J. J. Romero, J. De Frutos, J. F. Fernández. 
Phenomenological model of grain boundary behaviour under a bias field in 
Nb-doped CaCu3TiO4 ceramics. Journal of Alloys and Compounds 509(2011) 
9719-9723. 
31Stephen J. Fonash. Solar cells device physics. Elsevier (2010). 
32S.M.Sze. Semiconductor devices physics and technology. John Wiley & 
Sons (1985). 
33Mehrdad Monsefi, Dong-Hau Kuo. Defect state and electronic transport of 
the Cu-poor, Cu-rich and In-rich Cu(In, Ga)Se2 bulk materials. Materials 
Chemistry and Physics 145(2014) 255-259. 
34S. Mahajan. Defects in semiconductors and their effects on devices. Acta 
Materialia 48(2000) 137-149. 
35Koteswara Rao Peta, Byung-Guon Park, Sang-Tae Lee, Moon-Deock Kim, 
Jae-Eung Oh, Tae-Geun Kim, V. Rajagopal Reddy. Analysis of electrical 
properties and deep level defects in undoped GaN Schottky barrier diode. 
Thin Solid Films 534(2013) 603-608. 
Chapter2: Literature review 
 
75 
 
36Jing Guo, Benkang Chang, MingZhu Yang, Honggang Wang, Meishan 
Wang. The study of the optical properties of the GaAs with point defects. 
Optik 125(2014) 419-423. 
37T. K. Nguyen-Duc, V. Le Thanh, Lam. H. Nguyen, P. Boucaud, V. Yam, D. 
Bouchier, F. A. d’Avitaya, J. Derrien. Role of point defects on the optical 
properties of self-assembled Ge/Si hut clusters. Journal of Crystal Growth 
275(2005) e1287-e1294. 
38Dangxin Wu, Qiming Zhang, Meng Tao. LSDA+U study of cupric oxide: 
electronic structure and native point defects. Physical Review B 73(2006) 
235206. 
39F.Marabelli, G.B.Parravicini, F.Salghetti-Drioli. Optical gap of CuO. Physical 
Review B 52(1995) 1433-1436. 
40Francesc Illas, David Muñoz, Coen de Graaf, Ibério de P.R. Moreira. 
Unexpected role of madelung potential in monoplanar high-Tc cuprate 
superconductors. Chemical Physics Letters 379(2003) 291-296. 
41Kyle M. Shen, J. C. Seamus Davis. Cuprate high-Tc superconductors. 
Materialstoday 11(2008) 14-21. 
42L.A.Patil, D.R. Patil. Heterocontact type CuO-modified SnO2 sensor for the 
detection of a ppm level H2S gas at room temperature. Sensors and 
Actuators B: Chemical 120 (2006) 316-323. 
43L Liao, Z Zhang, B Yan, et al. Multifunctional CuO nanowire devices: p-type 
field effect transistors and CO gas sensors. Nanotechnology 20(2009) 
085203. 
44YunZhe Feng, Xiaolin Zheng. Plasma-enhanced catalytic CuO nanowires 
for CO oxidation. Nano Letters 10(2010) 4762-4766. 
45Yanhua Wu, Fangna Gu, Guangwen Xu, Ziyi Zhong, Fabing Su. 
Hydrogendysis of cellulose to C4-C7alcohols over bi-functional CuO-
MO/Al2O3 (M=Ce, Mg, Mn, Ni, Zn) catalysts coupled with methanol reforming 
action. Bioresource Technology 137(2013) 311-317. 
Chapter2: Literature review 
 
76 
 
46Woo-Yong Sung, Sal-Jun Kim, Seung-Min Lee, Ho-Young Lee, Yong-Hyup 
Kim, Kyung-Ho Park, Soonil Lee. Field emission characteristics of CuO 
nanowires by hydrogen plasma treatment. Vacuum 81(2007) 851-856. 
47Zheng Guo, Xing Chen, Jie Li, Jin-Huai Liu, Xing-Ji Huang, ZnO/CuO 
hetero-Hierarchical nanotrees array: hydrothermal preparation and self-
cleaning properties. Langmuir 27(2011) 6193-6200. 
48Liang Wu, Xiaomin Li, Xiaodong Gao, Renkui Zheng, Feng Zhang, Xinjun 
Liu, Qun Wang. Unipolar resistance switching and abnormal reset behaviors 
in Pt/CuO/Pt and Cu/CuO/Pt structures. Solid Thin Films 73(2012) 11-14. 
49Sang-Yun Sung, Se-Yun Kim, Kwang-Min Jo, Joon-Hyung Lee, Jeong-Joo 
Kim, Sang-Gon Kim, Kyung-Hoon Chai, S. J. Pearton, D.P. Norton, Young-
Woo Heo. Fabrication of p-channel thin-film transistors using CuO active 
layers deposited at low temperature. Applied Physics Letters 97(2010) 
222109. 
50Fei Gao, Xiao-Jing Liu, Jun-Shan Zhang, Mei-Zhou Song, Ning Li. 
Photovoltaic properties of the p-CuO / n-Si heterojunction prepared through 
reactive magnetron sputtering. Journal of Applied Physics 11 (2012) 084507. 
51Benjiamin D. Yuhas, Peidong Yang. Nanowire-based all-oxide solar cells. 
Journal of American Chemical Society 131(2009) 3756-3761 
52Sven Rühle, Assaf Y. Andreson, Hannah-Noa Barad, Benjamin Kupfer, 
Yaniv Bouhadana, Eli Rosh-Hodesh, Arie Zaban. All-oxide photovoltaics. The 
Journal of Physical Chemistry Letters 3(2012) 3755-3764. 
53J.G.Bednorz, K.A.Müller. Possible high-Tc superconductivity in the Ba-La-
Cu-O system. Physica B-Condensed Matter 64(1986) 189-193. 
54Elvezio Morenzoni, Bastian M. Wojek, Andreas Suter, Thomas Prokscha, 
Gennady Logvenov, Ivan Božović. The meissner effect in a strongly 
underdoped cuprate above its critical temperature. Nature Communication 
2:272 doi:10.1038/ncomms 1273(2011). 
55Kiyotaka Wasa, Makoto Kitabatake, Hideaki Adachi. Thin film materials 
technology. William Andrew (2004).  
Chapter2: Literature review 
 
77 
 
56Ming-Yi Lin, Chun-Yu Lee, Shu-Chia Shiu, Ing-Jye Wang, Jen-Yu Sun, 
Wen-Hau Wu, Yu-Hong Lin, Jing-Sun Huang, Ching-Fuh Lin. Sol-gel process 
CuOx thin films as an anode interlayer for inverted polymer solar cells. 
Organic Electronics. 11(2010) 1828-1834. 
57Roland Widmer, Franz-Josef Haug, Pascal Ruffieux, Oliver Gröning, 
Michael Bilmann, Dierangelo Gröning, Roman Fasel. Surface Chirality of 
CuO thin films. Journal of American Chemical Society. 128(2006) 14103-
14108. 
58J.Morales, L.Sánchez, F. Martin, J. R. Ramos-Barrado, M.Sánchez. Use of 
low-temperature nanostructured CuO thin films deposited by spray-pyrolysis 
in lithium cells. Thin Solid Films 474(2005) 133-140. 
59Seymen Aygün, David Cann. Response kinetics of doped CuO/ZnO 
heterojunctions. The journal of Physical Chemistry B 109(2005) 7878-7882. 
60Takahiro Itoh, Kunisuke Maki. Growth process of CuO(111) and Cu2O(001) 
thin films on MgO(001) substrate under metal-mode condition by reactive dc-
magnetron sputtering.Vacuum 81(2007) 1068-1076. 
61K.C. Sanal, L.S.Vikas, M.K.Jayaraj. Room temperature deposited 
transparent p-channel CuO thin film transistors. Applied Surface Science 
297(2014) 153-157. 
62Junbo Wu, Héctor A. Becerril, Zhenan Bao, Zunfeng Liu, Yongsheng Chen, 
Peter Peumans. Organic solar cells with solution-processed grapheme 
transparent electrodes. Applied Physics Letters 92(2008) 263302. 
63Vishal Shrotriya, Gang Li, Yan Yao, Chih-Wei Chu, Yang Yang. Transition 
metal oxides as the buffer layer for polymer photovoltaic cells. Applied 
Physics Letters 88(2006) 073508. 
64M.Girtan, M. Rusu. Role of ITO and PEDOT:PSS in stability / degradation 
of polymer: fullerene bulk heterjunctions solar cells. Solar Energy Materials & 
Solar Cells 94(2010) 446-450. 
65T.Serin, A. Yildiz, Ş. H. Şahin, N. Serin. Multiphonon hopping of carriers in 
CuO thin films. Physica B 3551-3555. 
Chapter2: Literature review 
 
78 
 
66Hongwei Qin, Zhongli Zhang, Xing Liu, Yongjia Zhang, Jifan Hu. Room-
teperature ferromagnetism in CuO sol-gel powders and films. Journal of 
Magnetism and Magnetic Materials 322(2010) 1994-1998. 
67Peiqiang Li, Jinfeng Xu, Hua Jing, Chenxiao Wu, Hui Peng, Jing Lu, 
Hongzong Yin. Wedged N-doped CuO with more negative conductive band 
and lower overpotential for high efficiency photoelectric converting CO2 to 
methanol. Applied Catalysis B: Environmental 156-157(2014) 134-140. 
68J.S.Shaikh, R.C.Pawar, R.S.Devan, Y.R.Ma, P.P.Salvi, S.S.Kolekar, 
P.S.Patil. Synthesis and characterization of Ru doped CuO thin films for 
supercapacitor based on Bronsted acidic ionic liquid. Electrochimica Acta. 
56(2011) 2127-2134. 
69Y.Gülen, F.Bayansal, B.Şahin, H.A.Çetinkara, H.S.Güder. Fabrication and 
characterization of Mn-doped CuO thin films by the SILAR method. Ceramics 
International 39(2013) 6475-6480. 
70F.P.Koffyberg, F.A.Benko. A photoelectrochemical determination of the 
position of the conduction and valence band edge of p-type CuO. Journal of 
Applied Physics. 53(1982) 1173-1177. 
71Shou-Yi Chang, Syun-Ming Jang, Su-Jien Lin, Mong-Song Liang. 
Properties and thermal stability of porous organic low-dielectric-constant 
materials. Thin Solid Films 466(2004) 54-61. 
72A.A.Ogwu, E. Bouquerel, O. Ademosu, S. Moh, E. Crossan, F. Placido. An 
investigation of the surface energy and optical transmittance of copper oxide 
thin films prepared by reactive magnetron sputtering. Acta Materialia 53(2005) 
5151-5159. 
73A.Ogwu, E. Bouquerel, O. Ademosu, S. Moh, E. Crossan, F. Placido. The 
influence of rf power and oxygen flow rate during deposition on the optical 
transmittance of copper oxide thin film prepared by reactive magnetron 
sputtering. Journal of Physics D: Applied Physics 38(2005) 266-271. 
74M.Hari Prasad, J. F. Pierson, S. Uthanna. Structural, surface morphological 
and optical properties of nanocrystalline Cu2O and CuO films formed by RF 
Chapter2: Literature review 
 
79 
 
magnetron sputtering: oxygen partial pressure effect. Physica Status Solidi A 
209(2012) 1279-1286. 
75Juyun Park, Kyounga Lim, Rex D. Ramiser, Yong-Cheol Kang. 
Spectroscopic and morphological investigation of copper oxide thin films 
prepared by magnetron sputtering at various oxygen ratios. Bulletin of the 
Korean Chemical Society 32(2011) 3395-3399. 
76J.F.Pierson, A.Thobor-Keck, A.Billard. Cuprite, paramelaconite and tenorite 
films deposited by reactive magnetron sputtering. Applied Surface Science 
210(2003)359-367. 
77http://en.wikipedia.org/wiki/Nanowire. 
78C. Thelander, P. Agarwal, S. Brongersma, J. Eymery, L.F.Feiner, A. 
Forchel, M. Scheffler, W. Riess, B.J.Ohlsson, J. Gösele, L. Samuelson. 
Nanowire-based one-dimensional electronics. Materialstoday 9(2006) 28-35. 
79Su Yi-kun, Shen Cheng-min, Yang Hai-tao, Li Hu-lin, Gao Hong-jun. 
Controlled synthesis of highly ordered CuO nanowire arrays by template-
based sol-gel route.  Transaction of nanoferrous Metals Society of China 
17(2007) 783-786. 
80Claude Lévy-Clément, Raman Tena-Zaera, Margaret A. Ryan, Abou Katty, 
Gary Hodes. CdSe-sensitized p-CuSCN/Nanowire n-ZnO heterojunctions. 
Advanced Materials 17(2005) 1512-1515. 
81Jamil Elias, Ramon Tena-Zaera, Guillaume-Yangshu Wang, Claude Lévy-
Clément. Conversion of ZnO nanowires into nanotubes with tailored 
dimensions. Chemistry of Materials 20(2008) 6633-6637. 
82Hyoun Woo Kim, Mesfin Abayneh Kebede, Hyo Sung Kim. Structural, 
Raman and photoluminescence characteristics of ZnO nanowires coated with 
Al doped ZnO shell layers. Current Applied Phsics 10(2010) 60-63. 
83Xuchuan Jiang, Thurston Herricks, Younan Xia. CuO nanowires can be 
synthesized by heating copper substrates in air. Nano Letters 2(2002) 1333-
1338. 
Chapter2: Literature review 
 
80 
 
84Zu rong Dai, Zheng wei Pan, Zhong L. Wang. Novel nanostructures of 
functional oxides synthesised by thermal evaporation. Advanced Functional 
Materials 13(2003) 9-24.  
85Dinesh Pratep Singh, Animesh Kumar Ojha, Onkar Nath Srivastava. 
Synthesis of different Cu(OH)2 and CuO (nanowires, rectangles, seed-, belt-, 
and sheetlike) nanostructures by simple wet chemical route. The Journal of 
Physical Chemistry C 113(2009) 3409-3418. 
86Y.W. Zhu, T.Yu, F. C. Cheong, X. J. xu, C.T. Lim, V. B. C. Tan, J. T. L. 
Thong, C. H. Sow. large-scale synthesis and filed emission properties of 
vertically oriented CuO nanowire films. Nanotechnology 16(2005) 88-92. 
87Manmeet Kaur, K.D.Muthe, S.K.Despande, Shipra Choudhury, J.B.Singh, 
Neetika Venma, S.K. Gupta, J.V.Yakhmi. Growth and branching CuO 
nanowires by thermal oxidation. Journal of Crystal Growth 289(2006) 670-
675. 
88A.M.B. Gonçalves, L.C.Campos, A.S.Ferlauto, R.G.Lacerda. On the growth 
and electrical characterization of CuO nanowires by thermal oxidation. 
Journal of Applied Physics 106(2009) 04303. 
89Lu Yuan, Yiqian Wang, Rediola Mema, Guangwen Zhou. Driving force and 
growth mechanism for spontaneous oxide nanowire formation during the 
thermal oxidation of metals. Acta Materialia 59(2011) 2491-2500. 
90Shao-Liang Cheng, Ming-Feng Chen. Fabrication, characterization, and 
kinetic study of vertical single-crystalline CuO nanowires on Si substrates. 
Nanoscale Research Letters 119(2012) 7. 
91Y.F.Mei, G.G.Siu, Y.Yang, Ricky K. Y. Fu, T. F. Hung, Paul K. Chu, X. L. 
Wu. Cu oxide nanowire array grown on Si-based SiO2 nanoscale islands via 
nanhochannels. Acta Materialia 52(2004) 5051-5055. 
92Yai Wang, Ruiqi Shen, Xiaoyun Jin, Peng Zhu, Yianhua Ye, Yan Hu. 
Formation of CuO nanowires by thermal annealing copper film deposited on 
Ti/Si substrate. Applied Surface Science 258(2011) 201-206. 
Chapter2: Literature review 
 
81 
 
93J.T.Chen, F.Zhang, J.Wang, G.A.Zhang, B.B.Miao, X.Y.Fan, D.Yan, 
P.X.Yan. CuO nanowires synthesised by thermal oxidation route. Journal of 
Alloys and Compounds 454(2008) 268-273. 
94X.Y.Fan, Z.G.Wu, P.X.Yan, B.S.Geng, H.J.Li, P.J.Zhang. Fabrication of 
well-ordered CuO nanowire arrays by direct oxidation of sputter-deposited 
Cu3N film. Materials Letters 62(2008) 1805-1808. 
95Kurt W. Kolasinski. Catalytic growth of nanowires: vapour-liquid-solid, 
vapour-solid-solid, solution -liquid-solid and solid-liquid-solid growth. Current 
Opinion in Solid State and Materials Science 10 (2006) 182-191. 
96Iska Avramov. Kinetics of growth of nanowiskers (nanowires and 
nanotubes). Nanoscale Research Letters 2(2007) 235-239. 
97E.Comini, C.Baratto, G.Faglia, M.Ferroni, A.Vomiero, G. Sberveglier. 
Quasi-one dimensional metal oxide semiconductors: preparation, characteri- 
zation and application as chemical sensors. Progress in Materials Science 
54(2009) 1-67. 
98R.S. Wagner, W.C.Ellis. Vapor-liquid-solid mechanism of single crystal 
nanowires. Applied Physics Letters 4(1964) 89. 
99Duk-Il Suh, Clare Chisu Byeon, Chang-Lyoul Lee. Synthesis and optical 
characterization of vertically grown ZnO nanowires in high crystallinity 
through vapor-liquid-solid growth mechanism. Applied Surface Science 
257(2010) 1454-1456. 
100C.Renard, R.Boukhicha, C.Gardès, F.Fossard, V.Yam, L.Vincent, D. 
Bouchier, S.Hajjar, J.L.Buberdorff, G.Garreau, C.Pirri. Size effect on Ge 
nanowires growth kinetics by the vapor-liquid-solid mechanism. Thin Solid 
Films 520(2012) 3314-3318. 
101Makoto Koto. Growth mechanism of vapor-liquid-solid grown nanowires: A 
detailed analysis of irregular nanowire formation. Journal of Crystal Growth 
39(2004) 72-77. 
102Xiaoli Zhao, Talgar Shaymurat, Tengfei Pei, Lu Bai, Bin Cai, Yanhong 
Tong, Qingxin Tang, Yichun Liu. Low-temperature, catalyst-free vapor-solid 
Chapter2: Literature review 
 
82 
 
growth of unlralong ZnO nanowires. Materials Chemistry and Physics 
136(2012) 455-459. 
103Jun Jie Niu, Jian Nong Wang, Ning Sheng Xu. Field emission property of 
aligned and random SiC nanowires arrays synthesized by a simple vapor-
solid reaction. Solid State Sciences 10(2008) 618-621. 
104Ian D. Hosein, Manu Hegde, Peter D. Jones, Vadim Chirmanov, Pavle V. 
Radovanovic. Evolution of the faceting, morphology and aspect ratio of 
gallium oxide nanowires grown by vapor-solid deposition. Journal of Crystal 
Growth 396(2014) 24-32. 
105Y.Zhu, K. Mimura, M. Isshiki. Influence of oxide grain morphology on the 
formation of the CuO scale during oxidation of copper at 600-1000°C. 
Corrosion Science 47(2005) 537-544. 
106Qiaobao Zhang, Kaili Zhang, Daguo Xu, Guangcheng Yang, Hui Huang, 
Fude Nie, Chenmin Liu, Shihe Yang. CuO nanostructures: synthesis, 
characterizaiton, growth mechanisms, fundamental properties, and 
applications. Progress in Material Science 60(2014) 208-337. 
107Necmi Serin, Tülay Serin, Şeyda Horzum, Yasemin Çelik. Annealing 
effects on the properties of copper oxide thin films prepared by chemical 
deposition. Semiconductor Science and Technology 20(2005) 398-401. 
108Chunhong Luan, Kang Wang, Qinqin Yu, Gang Lian, Liangmin Zhang, 
Qilong Wang, Deliang Cui. Improving the gas-sensing performance of SnO2 
porous nanosolid sensors by surface modification. Sensor and Actuators B: 
Chemical 176(2013) 475-481. 
109Zhihong Jing, Shihua Wu. Synthesis, characterization and gas sensing 
properties of undoped and Co-doped γ-Fe2O3-based gas sensors. Materials 
Letters 60(2006) 952-956. 
110Seymen Aygün, David Cann. Hydrogen sensitivity of doped CnO/ZnO 
hetercontact sensors. Sensors and Actuators B: Chemical 106(2005) 837-
842. 
Chapter2: Literature review 
 
83 
 
111Hi Gyu Moon, Ho Won Jang, Jin-Sang Kim, Hyung-Ho Park, Soek-Jin 
Yoon. A route to high sensitivity and rapid response Nb2O5-based gas 
sensors: TiO2 doping, surface embossing, and voltage optimization. Sensors 
and Actuators B: Chemical 153(2011) 37-43. 
112G.Korotcenkov, I.Boris, V.Brinzari, V.Golovanov, Yu. Lychkovsky, G. 
Karkotsky, A.cornet, E. Rossinyol, J. Rodrigue, A. Cirera. Gas-sensing 
characteristics of one-electrode gas sensors based on doped In2O3 ceramics. 
Sensors and Actuators B: Chemical 103(2005) 13-22. 
113Abdelhamid Boudiba, Chao Zhang, Carla Bitterncourt, Polona Umek, 
Marie-Georges Olivier, Rony Snyders, Marc Debliquy. SO2 gas sensors 
based on WO3 nanostructures with different morphologies. Procedia 
Engineering 47(2012) 1033-1036. 
114Tie Xiang Fu. CuS-doped CuO nanoparticles sensor for dection of H2S 
and NH3 at room temperature. Electrochimica Acta 112(2013) 230-235. 
115Xiaohua Zhou, Quanxi Cao, Hui Huang, Peng Yang, Ying Hu. Study on 
Sensing mechanism of CuO-SnO2 gas sensors. Materials Science and 
Engineering B 99(2003) 44-47. 
116Xiudong Wang, Wen Wang, Honglang Li, Chen Fu, Yabing Ke, Shitang He. 
Development of a SnO2/CuO-coated surface acoustic wave-based H2S 
sensor with switch-like response and recovery. Sensors and Actuators B: 
Chemical 169(2012) 10-16. 
117Yan Wang, Shurong Wang, Yingqiang Zhao, Baolin Zhu, Fanhong Kong, 
Da Wang, Shihua Wu, Weiping Huang, Shoumin Zhang. H2S sensing 
characteristics of Pt doped α-Fe2O3 thick films sensors. Sensors and 
Actuators B: Chemical 125(2007) 79-84. 
118Shurong Wang, Yingqiang Zhao, Jing Huang, Yan Wang, Fanhong Kong, 
Shihua Wu, Shoumin zhang, Weiping Huang. Preparation and CO gas-
sensing behaviour of Au doped SnO2 sensors. Vacuum 81(2006) 394-397. 
Chapter2: Literature review 
 
84 
 
119A. Hazra, S. Das, J. Kanungo, C.K.Sarkar, S. Basu. Studies on a resistive 
gas sensor based on sol-gel grown nanocrystalline p-TiO2 thin film for fast 
hydrogen detection. Sensors and Actuators B: Chemical 183(2013) 87-95. 
120Bai Shouli, Chen Liangyuan, Yang Pengcheng, Luo Ruixian, Chen Aifan, 
Chung Chiun Liu. Sn/In/Ti nanocomposite sensor for CH4 detection. Sensors 
and Actuators B: Chemical 135(2008) 1-6. 
121Pi-Guey Su, Yu-Ting Peng. Fabrication of a room-temperature H2S gas 
sensor based on PPy/WO3 nanocomposite films by in-situ 
photopolymerization. Sensors and Actuators B: Chemical 193(2014) 637-643. 
122Jeong Duk Choi, Gyeong Man Choi. Electrical and CO gas sensing 
properties of layered ZnO-CuO sensor. Sensors and Actuators B: Chemical 
69(2000) 120-126. 
123Bo Liao, Qin Wei, Kaiyi Wang, Yexiang Liu. Study on CuO-BaTiO3 
semiconductor CO2 sensor. Sensors and Actuators B: Chemical 80(2001) 
208-214. 
124Ying Chen, Jianzhong Xiao. Effect of YSZ addition on the response of 
La2CuO4 sensing electrode for a potentiometric NOx sensor. Sensors and 
Actuators B: Chemical 192(2014) 730-736. 
125P.Sowti Khiaban, E. Marzbanrad, C. Zamani, R.Riahifar, B. Raissi. 
Fabrication of In2O3 based NO2 gas sensor through AC-electrophoretic 
deposition. Sensors and Actuators B: Chemical 166-167 (2012) 128-134. 
126Yoshiteru Itagaki, Katsuyuki, Shuni-Iohi Nakashima, Yoshihiko Sadaoka. 
Development of porphyrin dispersed sol-gel films as HCl sensitive 
optochemical gas sensor. Sensors and Actuators B: Chemical 117(2006) 
302-307. 
127Baicheng Yao, Yu Wu, Yang Cheng, Anqi Zhang, Yuan Gong, Yun-Jiang 
Rao, Zegao Wang, Yanfu Chen. All-optical Mach-zehnder interferometric 
NH3 gas sensor based on graphene/microfiber hybrid waveguide. Sensors 
and Actuators B: Chemical 194(2014) 142-148. 
Chapter2: Literature review 
 
85 
 
128Hyo-Joong Kim, Jong-Heun Lee. Highly sensitive and selective gas 
sensors using p-type oxide semiconductors: overview. Sensors and 
Actuators B: Chemical 192(2014) 607-627. 
129Mohammed M. Rahman, Sher Bahadar Khan, Abdullah M. Asiri, Hadi M. 
Marwani, Abdullah H. Qusti. Selective dectection of toxic Pb (II) ions based 
on wet-chemically prepared nanosheets integrated CuO-ZnO 
nanocomposites. Composites: Part B 54(2013) 215-223. 
130S.Stein Hauer, E. Brunet, T. Maier, G.C. Mutinati, A.Köck, O. Freudenberg, 
C. Gspan, W.Grogger, A. Neuhold, R. Resel. Gas sensing properties of novel 
CuO naowire devices. Sensors and Actuators B: Chemical 187(2013) 50-57. 
131http://en.wikipedia.org/wiki/Hydrogen_sulfide 
132Manish Kuman Verma, Vinay Gupta. A highly sensitive SnO2-CuO 
multilayered sensor structure for detection of H2S gas. Sensors and 
Actuators B: Chemical 166-167(2012) 378-385.  
133N.S.Ramgir, S. Kailasa Ganapathi, M.Kaur, N. Datta, K.P.Muthe, 
D.K.Aswal, S.K.Gupta, J.V. Yakhmi. Sub-ppm H2S sensing at room 
temperature using CuO thin films. Sensors and Actuators B: Chemical 
151(2010) 90-96. 
134S.Sterinhauer, E.Brunet, T.maier, G.C.Mutinati, A.Köck. Suspended CuO 
nanowires for ppb level  
H2S sensing in dry and humid atmosphere. Sensors and Actuators B: 
Chemical 186(2013) 550-556. 
135M.Hübner, C.E.Simion, A.Tomescu-Stănoiu, S.Pokhrel, N.Bârsan, 
U.Weimar. Influence of humidity on CO sensing with p-type CuO thick film 
gas sensors. Sensor and Actuators B: Chemical 153(2011) 347-353. 
136V.R.katti, A.K. Debnath, K.P.Muthe, Manmeet Kaur, A.K. Dua, 
S.C.Gadkari, S.K.Gupta, V.C. Sahni. Mechanism of drifts in H2S sensing 
properties of SnO2:CuO composite thin film sensors prepared by thermal 
evaporation. Sensors and Actuators B: Chemical 96(2003) 245-252. 
Chapter2: Literature review 
 
86 
 
137Liwei Wang, Yanfei Kang, Yao Wang, Baolin Zhu, Shoumin Zhang, 
Weiping Huang, Shurong Wang. CuO nanoparticles decorated ZnO nanorod 
sensor for low temperature H2S detection. Materials Science and 
Engineering C 32(2012) 2079-2085. 
138Tieshi Wang, Qingshan Wang, Chunling Zhu, Qiuyun Zhu, Lihong Qi, 
Chunyan Li, Gang Xiao, Peng Gao, Yujin Chen. Synthesis and enhanced 
H2S gas sensing properties of α-MoO3/CuO p-n junction nanocomposite. 
Sensors and Actuators B: Chemical 171-172(2012) 256-262. 
139http://en.wikipedia.org/wiki/Carbon_monoxide. 
140C.W.Zou, J. Wang, F.Liang, W.Xie, L. X. Shao, D. J. Fu. Large-area 
aligned CuO nanowires arrays: synthesis, anomalous ferromagnetic and CO 
gas sensing properties. Current Applied Physics 12(2012) 1349-1354. 
141M. Frietsch, F. Zudock, J. Goschnick, M.Bruns. CuO catalytic membrane 
as selectivity trimmer for metal oxide gas sensors. Sensors and Actuators B: 
Chemical 65(2000) 379-381. 
142Alireza Aslani, Vahid Oroojpour. CO gas sensing of CuO nanostructures, 
synthesized by an assisted solvothermal wet chemical route. Physica B 
406(2011) 144-149. 
143O.Akhavan, E.Ghaderi. Copper oxide nanoflakes as highly sensitive and 
foot response self-sterilizing biosensors. Journal of Materials Chemistry 
21(2011) 12935-12940. 
144S.Steinhauer, E.Brunet, T.Maier, G.C.Mutinati, A.Köck, O.Freudenberg. 
Single suspended CuO nanowire for conductometric gas sensing. Procedia 
Engineering 47(2012) 17-20. 
144http://en.wikipedia.org/wiki/Nitric_oxide 
145http://en.wikipedia.org/wiki/Nitrogen_dioxide 
146Youichi Shimizu, Koji Maeda. Solid electrolyte NOx sensor using 
pyrochlore-type oxide electrode. Sensors and Actuators B: Chemical 52(1998) 
84-89.  
Chapter2: Literature review 
 
87 
 
147Ying Chen, Jian-zhong xiao. Synthesis of composite La1.67Si0.13NiO4-YSZ 
for a potentiometric NOx sensor by microwave-assisted complex-gel auto-
combustion. Ceramic International 39(2013) 9599-9603. 
148Serge Zhuiykov, Takashi Ono, Noboru Yamazoe, Norio Miura. High-
temperature NOx sensors using zironia solid electrolyte and zinc-family oxide 
sensing electrode. Solid State Ionics 152-153 (2002) 801-807. 
149Jing Gao, Jean-Paul Viricelle, Christophe Pijolat, Philippe Breuil, Philippe 
Vernoux, Anotinette Boreave, Anne Giroir-Fendler. Improvement of the NOx 
selectivity for a planar YSZ sensor. Procedia Chemistry 1(2009) 589-592. 
150M.Penza, M.A.Taglizente, L.Mirenghi, C.Gerardi, C.Martucci, G.Cassano. 
Tungsten trioxide (WO3) sputtered thin films for a NOx gas sensor. Sensors 
and Actuators B: Chemical 50(1998) 9-18. 
151C.A. Betty, Sipra Choudhury, K.G.Girija. Reliability studies of highly 
sensitive and specific multi-gas sensor based on nanocrystalline SnO2 film. 
Sensors and Actuators B: Chemical 193(2014) 484-491. 
152B.Ruhland, Th.Becker, G.Müller. Gas-kinetic interactions of nitrous oxides 
with SnO2 surfaces. Sensors and Actuators B: Chemical 50(1998) 85-94. 
153Yoon-Sung Kim, In-Sung Hwang, Sun-Jung Kim, Choong-Yong Lee, Jong-
Houn Lee. CuO nanowire gas sensors for air quality in automotive cabin. 
Sensors and Actuators B: Chemical 135(2008) 298-303. 
154Li Yang, Changsheng Xie, Guozhu Zhang, Jianwei Zhao, Xueli Yu, Dawen 
Zeng, Shunping Zhang. Enhanced response to NO2 with CuO/ZnO laminated 
heterostructured configuration. Sensors and Actuators B: Chemical 195(2014) 
500-506. 
155T.Söderström, F.-J. Haug, X.Niquillie, C.Ballif. TCOs for nip thin film silicon 
solar cells. Progress in Photovoltaics: Research and Applications 17(2009) 
165-176. 
156T.J. Marks, J.G.C.Veinot, J.Cui, H.Yan, A. Wang, N.L.Edleman, J.Ni, Q, 
Huang, P. Lee, N.R. Armstrong. Progress in high work function TCO OLED 
Chapter2: Literature review 
 
88 
 
anode alternatives and OLED nanopixelation. Synthetic Metals 127(2002) 
29-35. 
157Se II Kim, Sang Hyun Cho, Sung  Ryong Choi, Min Cheol Oh, Ji Hyang 
Jang, Pung Keun Song. Crystallization and electrical properties of ITO:Ce 
thin films for plat panel display applications. Thin Solid Films 517(2009)4061-
4064. 
158Masayuki Okuya, Nobuyuki Ito, Katsuyuki Shiozaki. ITO thin films 
prepared by a microwave heating. Thin Solid Films 515(2007)8656-8659. 
159Weifeng Yang, Zhengyun Wu, Zhuguang Liu, et al. Room temperature 
deposition of Al doped ZnO films on quartz substrates by radio-frequency 
magnetron sputtering and effects of thermal annealing. Thin Solid Films 
519(2010)31-36. 
160Dagang Miao, Shouxiang Jiang, Songmin Shang, Zhuoming Chen. High 
transparent and infrared reflective AZO/Ag/AZO multilayer film prepared on 
PET substrate by RF magnetron sputtering. Vacuum 106(2014) 1-4. 
161Nai fei Ren, Li jing Huang, Ming Zhou, Bao jia Li. Introduction of Ag 
nanoparticles and AZO layer to prepare AZO/Ag/FTO trilayer films with high 
overall photoelectric properties. Ceramic Internantional 40(2014) 8693-8699. 
162G.H.Lee, T.Kawazoe, M.Ohtsu. Room temperature near-field 
photoluminescence of zinc-blend and wurtzite ZnO structures. Applied 
Surface Science 239(2005) 394-397. 
163http://en.wikipedia.org/wiki/Zinc_oxide 
164A.Ashrafi, C.Jagadish. Review of zincblende ZnO: stability of metastable 
ZnO phases. Journal of Applied Physics 102(2007) 071101. 
165Roberto J. Geurrero-Mereno, Noboru Takeuchi. First Principles 
calculations of the ground state properties and structural phase 
transformation in CdO. Physical Review B 66(2002) 205205. 
166A.A.Ashrafi, A.Ueta, H.Kumano, I.Suemune. Role of ZnS buffer layers in 
growth of zincblende ZnO on GaAs substrates by metalorganic molecular-
beam epitaxy. Journal of Crystal Growth 221 (2000) 435-439. 
Chapter2: Literature review 
 
89 
 
167Walter R.L. Lambrecht, Anna V. Rodina, Sukit Limpijumnong, B.Segall, 
Bruno K. Meyer. Valence -band ordering and magneto-optic exciton fine 
structure in ZnO. Physical Review B 65(2002) 075207. 
168Anderson Janotti, Chris G Van de Walle. Fundamentals of zinc oxide as a 
semiconductor. Reports on Progress in Physics 72(2009) 126501. 
169Kun Ho Kim, Ki Cheol Park, Dae Young Ma. Structural, electrical and 
optical properties of aluminum doped zinc oxide films prepared by ratio 
frequency magnetron sputtering. Journal of Applied Physics 81(1997) 7764. 
170Hyungduk Ko, Weon Pil Tai, Ki Chul Kim, Sang Hyeob Kim, Su Jeong Suh, 
Young Sung Kim. Growth of Al-doped ZnO thin films by pulsed DC 
magnetron sputtering. Journal of Crystal Growth 277(2005) 352-358. 
171You Seung Rim, Sang Mo Kim, Hyung Wook Choi, Sang Joon Park, 
Kyung Hwan Kim. Preparation of Al-doped ZnO thin film deposited at room 
temperature. Colloids and Surface A: Physicochemical and Engineering 
Aspects 313-314(2008)461-464. 
172Zhibing Zhan, Jiye zhang, Qinghong zheng, Danmei Pan, Jin Huang, Feng 
Huang, Zhang Lin. Strategy for preparing Al-doped ZnO thin film with high 
mobility and high stability. Crystal Growth and Design 11(2011) 21-25. 
173Jeong Seok Na, Qing Peng, Giovanna Scarel, Greory N. Parsons. Role of 
gas doping sequence in surface reactions and dopant incorporation during 
Atomic Layer Deposition of Al-doped ZnO. Chemistry of Materials 21(2009) 
5585-5593. 
174Wen-Jauh Chen, Wei-Long Liu, Shu-Huei Hsieh, You-Gang Hsu. 
Synthesis of ZnO:Al transparent conductive thin films using sol-gel method. 
Procedia Engineering 36(2012) 54-61. 
175Yung-Kuan Tseng, Guo-Jhan Gao, Shih-Chun Chien. Synthesis of c-axis 
preferred orientation ZnO:Al transparent conductive thin films using a novel 
solvent method. Thin Solid Films 518(2010) 6259-6263. 
Chapter2: Literature review 
 
90 
 
176S.Sutthana, N.Hongsith, S. Choopun. AZO/Ag/AZO multilayer films 
prepared by DC magnetron sputtering for dye-sensitized solar cell application. 
Current Applied Physics 10(2010) 813-816. 
177Xia Yan, Selvaraj Venkataraj, Armin G. Aberle. Modified surface texturing 
of Aluminum-Doped Zinc Oxide (AZO) transparent conductive oxides for thin-
films silicon solar cells. Energy Procedia 33(2013) 157-165. 
178Shinho Cho. Effects of growth temperature on the properties of ZnO thin 
films grown by ridio-frequency magnetron sputtering. Transactions on 
Electrical and Electronic Materials 10(2009) 185-188. 
179Neil P. Dasgupta, Sebastian Neubert, Wonyoung Lee, Orlando Trejo, 
Jung-Rok Lee, Fritz B. Prinz. Atomic layer depostion of Al-doped ZnO films: 
Effect of grain orientation on conductivity. Chemistry of Materials 22(2010) 
4769-4775. 
180S.J.Henley, M.N.R. Ashfold, D. Cherns. The growth of transparent 
conducting ZnO films by pulsed laser ablation. Surface and Coating 
Technology 177-178(2004) 271-276.  
181W.J. Jeong, S.K. Kim, G.C. Park. Preparation and characteristic of ZnO 
thin film with high and low resistivity for an application of solar cells. Solid 
Thin Films 506-507 (2006) 180-183. 
182Jyh-Ming Ting, B.S. Tsai. DC reactive sputter deposition of ZnO:Al thin 
films on glass. Materials Chemistry and Physics 72(2001) 273-277. 
183Shou-Yi Kuo, Kou-Chen Liu, Fang-I Lai, Jui-Fu Yang, Wei-Chun Chen, 
Ming-Yang Hsieh, Hsin-I Lin, Woei-Tyng Lin. Effects of RF power on the 
structural, optical and electrical properties of Al-doped zinc oxide films. 
Microelectronics Reliability 30(2010) 730-733. 
184Kwang-Sun Ji, Heon-Min Lee, Min-Kuo Han. Effect of ITO precursor 
thickness on transparent conductive Al doped ZnO film for solar cell 
applications. Solar Energy Materials & Solar Cells 95(2011) 138-141. 
Chapter2: Literature review 
 
91 
 
185Yasushi Sato, Yoshinori Iwabuchi, Masato Yoshikawa, Yuzo Shigesato. 
Electrical and optical properties of Al-doped ZnO films deposited by hollow 
cathode gas flow sputtering. Thin Solid Films 517(2009) 3048-3052. 
186Akihiko Kono, Fumiya Shoji. Electrical properties of Al-doped ZnO films 
fabricated by a hot-cathode plasma sputtering method. Materials Science & 
Engineering B 162(2009) 167-172. 
187H.Kim, C.M.Gilmore, J.S. Horwitz, A.Piqué, H.Murata, G.P.Kushto, 
R.Schlaf, Z.H.Kafafi, D.B. Chrisey. Transparent conducting aluminium-doped 
Zinc oxide thin films for organic light-emitting devices. Applied Physics Letter 
76(2000) 259-261. 
188Yasuhiro Igasaki, Hiromi Saito. The effects of deposition rate on the 
structural and electrical properties of ZnO:Al films deposited on (112ത0 ) 
oriented sapphire substrates. Journal of Applied Physics 70(1991) 3613-3619. 
189Jin-Hong Lee, Byung-Ok Park. Transparent conducting ZnO:Al, In, Sn thin 
films deposited by the sol-gel method. Thin Solid Films 426(2003) 94-99. 
190R.J. Hong, X. Jiang, B. Szyszka, V. Sittinger, A.Pflug. Studies on ZnO:Al 
thin films deposited by in-line reactive mid-freqency magnetron sputtering. 
Applied Surface Science 207 (2003) 341-350. 
191Jen-Chuan Chang, Jhe-Wei Guo, Tung-Po Hsieh, Ming-Ru Yang, Ding-
Wen Chiou, Hsien-Te Chang. Effect of substrate temperature on the 
properties of transparent conducting AZO thin films and CIGS solar cells. 
Surface & Coatings Technology Doi:10.1016/j.sufcoat.2012. 
192Hyeongsik Park, Kuongsoo Jang, Krishna Kumar, Shihyun Ahn, Jaehyun 
Cho, Juyeon Jang, Kyuangjun Ahn, Jeonghoon Yeom, Dongseok Kim, 
Junsin Yi. Electrical mechanism analysis of Al2O3 doped zinc oxide thin films 
deposited by rotating cylindrical DC magnetron sputtering. Thin Solid Films 
519(2011) 6910-6915. 
193Yasutaka Nishi, Kento Hirohata, Naoki Tsukamoto, Yasushi Sato, Nobuto 
Oka, Yuzo Shigesato. High rate reactive magnetron sputter deposition of Al-
Chapter2: Literature review 
 
92 
 
doped ZnO with unipolar pulsing and impedance control system. Journal of 
Vacuum Science Technology A 28(2010) 890-894. 
194J.W. Leem, J.S.Yu. Structural, optical, and electrical properties of AZO 
films by titled angle sputtering method. Thin Solid Films 518(2010) 6285-
6288. 
195Kun Ho Kim, Ki Cheol Park, Dae Young Ma. Structural, electrical and 
optical properties of aluminium doped zinc oxide films prepared by radio 
frequency magnetron sputtering. Journal of Applied Physics 81(1997) 7764-
7772. 
196S. Rahmane, M.A.Djouadi, M.S. Aida, N.Barreau, B.Abdallah, N.Hadj 
Zoubir. Power and pressure effects upon magnetron sputtered aluminium 
doped ZnO films properties. Solid Thin Films 519(2010) 5-10. 
197Jun-ichi Oda, Jun-ichi Nomoto, Toshihira Miyata, Tadatsugu Minami. 
Improvements of spatial resistivity distribution in transparent conducting Al-
doped ZnO thin films deposited by DC magnetron sputtering. Thin Solid 
Films 518(2010)2984-2987. 
198Xiao-Tao Hao, Li-Wei Tan, Kian-Soo Ong, Furong Zhu. High-performance 
low temperature transparent conducting aluminium doped ZnO thin films and 
applications. Journal of Crystal Growth 287(2006) 44-47. 
 199Eui-Jung Yun, Jin Woo Jung, Byung Cheol Lee. Effects of O2 fraction on 
the properties of Al-doped ZnO thin films treated by high-energy electron 
beam irradiation. Journal of Alloys and Compounds 496(2010) 543-547. 
200Qian Shi, Kesong Zhou, Minjiang Dai, Huijun Hou, Songsheng Lin, 
Chunbei Wei, Feng Hu. Room temperature preparation of high performance 
AZO films by MF sputtering. Ceramics International 39(2013)1135-1141.  
201T.Minami, H. Sato, K. Ohashi, T. Tomofuji, S. Takata. Conduction 
mechanism of highly conductive and transparent zinc oxide thin films 
prepared by magnetron sputtering. Journal of Crystal Growth 117(1992) 370-
374. 
Chapter2: Literature review 
 
93 
 
202Hung-Wei Wu, Chien-Hsun Chu. Structural and optoelectronic properties 
of AZO/ Mo/AZO thin films prepared by rf magnetron sputtering. Materials 
Letter 105(2013) 65-67. 
203Yasuhiro Igasaki, Hiromi Saito. Substrate temperature dependence of 
electrical properties of ZnO:Al epitaxial films on sapphire (12ത10). Journal of 
Applied Phys 69(1991) 2190-2195. 
204C.H.Tseng, W.H. Wang, H. C. Chang, C. P. Chou, C. Y. Hsu. Effects of 
sputtering pressure and Al buffer layer thickness on properties of AZO films 
grown by magnetron sputtering. Vacuum 2(2010) 263-267. 
205S.H. Jeong, J. H. Boo. Influence of target-to-substrate distance on the 
properties of AZO films grown by RF magnetron sputtering. Thin Solid Films 
447-448 (2004) 105-110. 
206L.S.Wang, Y.Z. Chen, G.H.Yue, H.D.She, X.H.Luo, D.L.Peng. Study of 
ferromagnetic, transparent and conductive AZO/Fe/AZO composite films. 
Applied Surface Science 255(2008) 2545-2549. 
207Tianlin Yang, Zhisheng Zhong, Shumei Song, Yanhui Li, Maoshui Lv, 
Zhongchen Wu, Shenghao Han. Structural, optical and electrical properties 
of AZO/Cu/AZO tri-layer films prepared by radio frequency magnetron 
sputtering and ion-beam sputtering. Vacuum 83(2009) 257-260. 
208Shingo Suzuki, Toshihiro Miyata, Makoto Ishii, Tadatsugu Minami. 
Transparent conducting V-co-doped AZO thin films prepared by magnetron 
sputtering. Thin Solid Films 434(2003) 14-19. 
209Jun Kwan Kim, Sun Jin Yun, Jae Min Lee, Jung Wook Lim. Effect of rf-
power density on the resistivity of Ga-doped ZnO films deposited by rf-
magnetron sputter deposition technique. Current Applied Physics 10(2010) 
5451-5454. 
210Y.C.Lin, J. H. Jiang, W.T. Yen. Effect of Cr and V dopants on the chemical 
stability of AZO. Applied Surface Science 253(2009) 3629-3634. 
Chapter2: Literature review 
 
94 
 
211Cunxing Miao, Zhanxia Zhao, Xiaomin Ma, Zhongquan Ma. Studies on the 
properties of sputter-deposited Sc-doped ZnO thin film. Physica B 405(2010) 
3787-3790. 
212Cong-sheng Tian, Xin-liang Chen, Jian Ni, Jie-ming Liu, De-kun zhang, 
Qian Huang, Ying Zhao, Xiao-dan Zhang. Transparent conductive Mg and 
Ga co-doped ZnO thin films for solar cells grown by magnetron sputtering: H2 
induced changes. Solar Energy Materials & Solar Cells 125(2014) 59-65. 
213Da Hu, Xu Liu, Shaojuan Deng, Yongjun Liu, zhipeng Feng, Bingqian Han, 
Yan Wang, Yude Wang. Structural and optical properties of Mn-doped ZnO 
nanocrystalline thin films with the different dopant concentrations. Physica E 
61(2014) 14-22. 
214C. Sudakar, J. S. Thakur, G. Lawes, R. Naik, V. M. Naik. Ferromagnetism 
induced by planar nanoscale CuO inclusions in Cu-doped ZnO thin films. 
Physical Review B 75(2007) 054423. 
215S. Yılmaz, J. Nisar, Y. Atasoy, E. McGlynn, R. Ahuja, M. Parlak, E. 
Bacaksız. Defect-induced room temperature ferromagnetism in B doped ZnO. 
Ceramics International 39(2008) 4609-4617. 
216Ian Y. Y. Bu. Facile synthesis of highly oriented p-type aluminum co-doped 
zinc oxide film with aqua ammonia. Journal of Alloys and Compounds 
509(2011) 2874-2878. 
217B.G.Choi, I. H. Kim, D.H. Kim, K.S.Lee, T.S. Lee, B. Cheong, Y. -J. Baik, 
W. M. Kim. Electrical, optical and structural properties of transparent and 
conducting ZnO thin films doped with Al and F by rf magnetron sputter. 
Journal of the European Ceramics Society 25(2005) 2161-2165. 
218Huiyong Liu, V.Avrutin, N. Izyumskaya, Ü. Özgür, H.Morkoç. Tran sparent 
conducting oxides for electrode applications in light emitting and absorbing 
devices. Superlattices and Microstructures 48(2010) 458-484.   
219D.W.Kim, Y.L.Sung, J.W.Park, G.Y.Yeom. A study of transparent indium 
tin oxide (ITO) contact to p-GaN. Thin Solid Films 398-399(2001) 87-92. 
Chapter2: Literature review 
 
95 
 
220Wen Gu, Tao Xu, Jianhua Zhang. Improved ohmic contact of Ga-doped 
ZnO to p-GaN by using copper sulfide intermediate layers. Solid-State 
Electronics 89(2013) 76-80. 
221Han-Ki Kim, Min-Su Yi, Sung-Nam Lee. Low-resistance and highly 
transparent Ag/AZO ohmic contact to p-GaN. Thin Solid Films 517(2009) 
4039-4042. 
222Bo Hyun Kong, Hyung Koun Cho, Mi Yang Kim, Rak Jun Choi, Bae Kyun 
Kim. InGaN/GaN blue light emitting diodes using Al-doped ZnO grown by 
atomic layer deposition as a current spreading layer. Journal of Crystal 
Growth 326(2011) 147-151. 
223http://en.wikipedia.org/wiki/Alexandre-Edmond_Becquerel. 
224D.M.Chapin, C.S.Fuller, G.L.Pearson. A new silicon p-n junction photocell 
for converting solar radiation into electrical power. Journal of Applied Physics 
25(1954) 676-677. 
225http://web.ornl.gov/sci/solarsummit/georgiatech.pdf. 
226Martin A.Green, Keith Emery, Yoshihiro HishiKawa, Wilhelm Warta, Ewan 
D.Dunlop. Solar cell efficiency tables (version 39). Progress in Photovoltaics: 
Research and Applications 20(2012) 12-20. 
227Albert Polman, Harry A. Atwater. Photonic design principles for ultra-high 
efficiency photovoltaics. Nature Materials 11(2012) 174-177. 
228Brian O'Regan, Michael GrÄtzel. A low-cost, high-efficiency solar cell 
based on dye-sensitized colloidal TiO2 films. Nature 352(1991) 737-740. 
229Brian E. Hardin, Henry J. Snaith, Michael D. McGehee. The renaissance of 
dye-sensitized solar cells. Nature Photonics 6(2012) 162-169. 
230A.Y.El-Etre, S.M.Reda. Characterization of nanocrystalline SnO2 thin film 
fabricated by electrondeposition method for dye-sensitized solar cell 
application. Applied Surface Science 25(2010) 6601-6606. 
231Masaki Matsui, Nagisa Tanaka, Yasuomi Ono, Yasuhiro Kubota, 
Kazumasa Funabiki, Jiye Jin, Toshiyasu Inuzuka, Tsukasa Yoshida, Shinji 
Higashijima, Hidetoshi Miura. Performance of new single rhodanine indoline 
Chapter2: Literature review 
 
96 
 
dyes in zinc oxide dye-sensitized solar cell. Solar Energy Materials & Solar 
cells 128(2014) 313-319. 
232Karin Keis, Eva Magnusson, Henrik Lindström, Sten-Eric Lindquist, Anders 
Hagfield. A 5% efficiency photoelectrochemical solar cell based on 
nanostructured ZnO electrodes. Solar Energy Materials & Solar cells 73(2002) 
51-58. 
233Minh Trung Dang, Lionel Hirsch, Guillaume Wantz, and James D. Wuest. 
Controlling the morphology and performance of bulk heterojunctions in solar 
cells. Lessons learned from the benchmark poly(3-hexylthiophene):[6,6]-
phenylC61-butyric acid methyl ester system. Chemical Reviews 113(2013) 
3734-3765. 
234Serap Günes, Helmut Neugebauer, Niyazi Serdar Sariciftci. Conjugated 
polymer-based organic solar cells. Chemical Reviews 207(2007) 1324-1338. 
235Gang Li, Rui Zhu, Yang Yang. Polymer Solar Cells. Nature Photonics 
6(2012) 153-161. 
236Renee Kroon, Martijn Lenes, Jan C. Hummelen, Paul W.M. Blom, Bert de 
Boer. Small bandgap polymers for organic solar cells. Polymer Reviews 
48(2008) 531-582. 
237Vishal Shrotriya, Gang Li, Yan Yao, Chih-Wei Chu, Yang Yang. Transition 
metal oxides as the buffer layer for polymer photovoltaic cells. Applied 
Physics Letters. 88(2006) 073508. 
238Holger Spanggaard, Frederik C. Krebs. A brief history of the development 
of organic and polymeric photovoltaic. Solar Energy Materials & Solar Cell 
83(2004) 125-146. 
239Gilles Dennler, markus C. Scharber, Christoph J. Brabec. Polymer-
fullerene bulk-heterojunction solar cells. Advanced Materials 21(2009) 1323-
1338. 
240Boyuan Qi, Jizheng Wang. FF factor in organic solar cells. Physical 
Chemistry Chemical Physics 15(2013) 8972-8982. 
Chapter2: Literature review 
 
97 
 
241Yong Sin Kim, Sung-Mo Kang, Bruce Johnston, Roland Winston. A novel 
method to extract the series resistance of individual cells in a photovoltaic 
module. Solar Energy Materials & Solar Cells. 115(2013) 21-28. 
242Myung-Su Kim, Bong-Gi Kim, JinSang Kim. Effective variables to control 
the fill factor of organic photovoltaic cells. ACS Applied Materials & Interfaces 
1(2009) 1264-1269. 
243Minjung Shin, Hwajeong Kim, Youngkyoo Kim. Effect of film and device 
annealing in polymer: polymer solar cells iwth a LiF nanolayer. Materials 
Science and Engineering B 176(2011) 382-386. 
244Fei Cheng, Guojia Fang, Xi Fan, Huihui Huang, Qiao Zheng, Pingli Qin, 
Hongwei Lei, Yongfang Li. Enhancing the performance of P3HT:ICBA based 
polymer solar cells using LiF as electron collecting buffer layer and UV-ozone 
treated MoO3 as hole collecting buffer layer. Solar Energy Materials & Solar 
Cells 110(2013) 63-68. 
245Xiaodong Liu, Jae Yong Lee, L. Jay Guo. Efficiency and stability 
enhancement of polymer solar cells using multi-stacks of C60/LiF as cathode 
buffer layer. Organic Electronics 14(2013) 469-474.  
246Peter Peumans, Stephen R. Forrest. Separation of geminate charge-pairs 
at donor-acceptor interfaces in disordered solids. Chemical Physics Letters 
298(2004) 27-31. 
247Jonathan D.Servaites, Mark A. Ratner, Tobin J. Marks. Practical efficiency 
limits in organic photovoltaic cells: Functional dependence of fill factor and 
external quantum efficiency. Applied Physics Letters 95(2009) 163302. 
248Minlu Wang, Hui Wang, C.W.Tang. Effect of the highest occupied 
molecular orbital energy level offset on organic heterojunction photovoltaic 
cells. Applied Physics Letters 97(2010) 143503. 
249K.L.Chopra, P.D.Paulson, V.Dutta. Thin-flim solar cells: an overview.  
Progress in Photovoltaics: Research and Applications. 12(2004) 69-92. 
Chapter2: Literature review 
 
98 
 
250T.Matsui, C.W.Chang, T.Takada, M.Isomura, H.Fujiwara, M.Kondo. Thin 
film solar cells based on microcrystalline Silicon-Gemanium narrow-gap 
absorber. Solar Energy Materials & Solar Cells. 93(2009) 1100-1102. 
251Jun-ichi Nomoto, Jun-ichi Oda, Toshihiro Miyata, Tadatsugu Minami. 
Effect of inserting a buffer layer on the characteristics of transparent 
conducting impurity-doped ZnO thin films prepared by dc magnetron 
sputtering. Thin Solid Films 519(2010) 1587 – 1593. 
252Dinesh Pratap Singh, Animesh Kumar Ojha, Onkar Nath Srivastava. 
Synthesis of different Cu(OH)2 and CuO (nanowires, rectangles, seed-, belt-, 
and sheetlike) nanostructures by simple wet chemical route. The journal of 
Physical Chemistry C 113(2009) 3409-3418. 
253A.E.Rakhshani. Preparation, characteristics and photovoltaic properties of 
cuprous oxide--a review. Solid-State Electronics 29(1986) 7-17. 
254Hideki Tanaka, Takahiro Shimakawa, Toshihiro Miyata, Hirotoshi Sato, 
Tadatsugu Minami. Electrical and optical properties of TCO-Cu2O 
heterojunction devices. Thin Solid Films 469-470 (2004) 80-85. 
255Ziqing Duan, Aurelien Du Pasquier, Yicheng Lu, Yi Xu, Eric Garfunkel. 
Effects of Mg composition on the open voltage of Cu2O-MgxZn1-xO 
heterojunction solar cells. Solar Energy Materials & Solar Cells 96(2012) 
292-297. 
256Yakup Hameş, S.Eren.San. CdO/Cu2O solar cells by chemical deposition. 
Solar Energy 77(2004) 291-294. 
257Alberto Mittiga, Enrico Salza, Francesca Sarto, Mario Tucci, Rajaraman 
Vasanthi. Heterojunction solar cell with 2% efficiency based on a Cu2O 
substrate. Applied Physics Letters 88(2006) 163502. 
258Masaya Ichimura, Yoshihito Kato. Fabrication of TiO2/Cu2O heterojunction 
solar cells by electrophoretic deposition and electrodeposition. Materials 
Science in Semiconductor Processing 16(2013) 1538-1541. 
259Masanobu Izaki, Tsutomu Shinagawa, Ko-Taro Mizuno, Yuya Ida, Minoru 
Inaba, Akimasa Tasaka. Electrochemically constructured p-Cu2O/n-ZnO 
Chapter2: Literature review 
 
99 
 
heterojunction diode for photovoltaic device. Journal of Physics D: Applied 
Physics 40(2007) 3326-3329. 
260Ting Jen Hsueh, Cheng Liang Hsu, Shoou Jinn Chang, Pei Wen Guo, 
Jang Hsing Hsieh, I. Cherng Chen. Cu2O/ZnO nanowire solar cells on 
ZnO:Ga/Glass substrates. Scripta Materialia 57(2007) 53-56. 
261Tadatsugu Minami, Toshihiro Miyata, Yuki Nishi. Cu2O-based hetero 
junction solar cells with an Al-doped ZnO/oxide semiconductor/thermally 
oxide Cu2O sheet structure. Solar Energy 105(2014) 206-217. 
262Gavin Conibeer. Third-generation photovolatics. Materialstoday. 10(2007) 
42-50.  
263N. López, L. A. Reichertz, K. M. Yu, K. Campman, W. Walukiewicz. Band 
structure for multiband solar cells. Physical Review Letters 106(2011) 
028701. 
264L. Zhu, G. Shao, J.K.Luo. Numerical study of metal oxide heterojunction 
solar cells. Semiconductor Science and Technology 26(2011) 000000. 
265Cyrus Wadia, A. Paul Alivisatos, Duniel M. Kammen. Materials availability 
expands the opportunity for large-scale photovoltaics deployment. 
Environmental Science & Technology 43(2009) 2070-2077. 
Chapter3:  Methodology 
100 
 
Chapter 3 Methodology 
 
3.1 Fabrication technologies 
 
 
Both TCO and CuO thin films can be fabricated using a variety of methods; 
for example, sol-gel, wet chemical route, pulsed laser deposition, molecular 
beam epitaxy and sputtering. Of these, the magnetron sputtering method is 
the one used most frequently in the fabrication of these thin films because of 
its advantages.  
 
3.1.1 RF magnetron sputtering technology 
 
 
Sputtering describes the phenomenon of a solid surface being bombarded by 
energetic particles (e.g. accelerated ions). Surface atoms of the solid are 
scattered backwards as a result of collisions between them and the energetic 
particles[1]. In other words, sputtering is a physical vapour deposition process. 
To date, several sputtering systems have been developed, such as hot-
cathode plasma sputtering[2], hollow cathode sputtering[3], magnetron 
sputtering[4], ion beam sputtering[5], direct current (DC) diode sputtering[6], 
and radio frequency (RF) diode sputtering[7]. The basic structure of DC and 
RF-diode sputtering system are illustrated in Fig. 3.1.1. 
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Fig.3.1.1 Sputtering deposition systems[1]. 
 
The DC-diode sputtering system is the simplest model among of these 
systems. Basically, it consists of a cathode and a parallel anode. In this 
system, the cathode is covered with the target material and the reverse side 
is cooled by the circulating water. Substrates are placed on the anode. In the 
DC sputtering processing, the chamber is filled with Ar gas as the sputtering 
gas. The typical deposition pressure is in the range between 5mTorr and 
100mTorr and the deposition rate is in the range between 20nm/min and 
200nm/min[8]. Collision will occur between the sputtered particles and the 
discharge gas molecules. Thus, the deposition rate (Rd) can be expressed as: 
 
                                         ܴௗ ൌ ௞భ௒௉ௗೞష೟ ቀ
௝೎
௤ቁ ቀ
ெ೅
ேೌቁ                                  (3-1) 
 
Here, k1 is the constant, Y is the sputtering yield, P is the gas pressure in the 
sputtering chamber, ds-t is the distance between the substrate and the target, 
e is the electron charge, MT is the atomic weigh of the target material, Na is 
the Avogadro's number, and ௖݆ is the cathode current density.  
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The application of DC voltage between the electrodes results in the 
production of glow discharge, where the Ar+ ions are generated then 
accelerated at the cathode fall. Finally, they collide with the surface atoms of 
the target material, as outlined in Fig. 3.1.2. This collision creates a 
momentum transfer and ejects atomic size particles from the target. 
Thereafter, the sputtered particles collide with the gas molecules and diffuse 
to substrates due to the short free mean path.  
 
 
Fig.3.1.2 The physical sputtering process[1]. 
 
In the DC sputtering system, the target material is metallic and conductive in 
order to maintain the glow discharge between the cathode and the anode. 
When the target comprises insulator materials, the glow discharge cannot be 
produced in the DC sputtering system as a result of the immediate build-up of 
the surface charge of positive ions on the front side of the insulator[1]. In this 
situation, RF voltage is applied to produce the glow discharge; also known as 
the RF diode sputtering system. In the RF-diode sputtering system, the thin 
film can be deposited directly from the target. In addition, the target material 
is composed of metals, in addition to insulators. 
 
The RF-diode sputtering system requires an impedance-matching network 
between the power supply and discharge chamber. The impedance of the  
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RF power supply is almost always 50Ω, while that of the glow discharge is on 
the order of 1 to 10kΩ [1]. In the RF diode sputtering system, the cathode 
current density ( ௖݆) can be expressed as: 
 
                                    ௖݆ ≅ ܥ ௗథ೅ௗ௧                                               (3-2) 
 
Here, C is the capacitance between the discharge plasma and the target, ௗథ೅ௗ௧  
is the time variation of the target surface potential. Therefore, as the radio 
frequency increases, the cathode current density increases. Furthermore, the 
deposition rate also increases. In practical systems, the utilised frequency is 
13.56MHz[1]. The typical RF-diode sputtering system with the matching circuit 
is illustrated in Fig. 3.1.3. 
 
 
Fig.3.1.3 A typical RF-diode sputtering system[1]. 
 
Compared with the deposition pressure in the DC sputtering system, the 
deposition pressure in the RF sputtering system is quite low (~1mTorr). This 
is because the alternate RF electric field increases the probability of collision 
between the secondary electrons and the discharge gas molecules. In the 
RF-diode sputtering system, the target area is much smaller than the 
grounded anode and the chamber wall; thereby leading to the formation of an 
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asymmetric electrode configuration. Therefore, the negative DC bias is 
induced on the target and, consequently, the sputtering is produced in the RF 
sputtering system[1]. It should be noted that the reverse side of the cathode 
and the inductance into the matching network are always cooled with 
circulating water in the RF sputtering process. The cooling water possesses 
high electrical resistivity in order to be used as electrical insulation. 
 
To further increase the deposition rate, the sputtering process can be 
enhanced by superposing a magnetic field on the cathode. The planar 
magnetron sputtering and the cylindrical magnetron sputtering systems are 
typical examples of magnetron sputtering systems. A typical planar 
magnetron sputtering system is presented in Fig. 3.1.4.  
 
 
Fig.3.1.4 Planar magnetron sputter deposition system[1]. 
 
The electrons in the glow discharge have cycloidal movement orbits, and the 
centre of the orbit drifts in the direction of E×B with the drift velocity of E/B; 
whereby E and B denote the electric field in the discharge and the 
superposed transverse magnetic field, respectively[1]. The travelling electrons 
are trapped near the target because of the magnetic field, which enhances 
the collision between travelling electrons and the discharge gas. Therefore, 
the advantage of the magnetron sputtering system is maintaining the stable 
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plasma and then increasing the current density at the target. This leads to 
more sputter atoms being ejected from the target.  
 
In the magnetron sputtering system, the working pressure changes from 
0.01mTorr to 1mTorr, which is lower than that in the non-magnetron 
sputtering system. Sputtered particles eject directly to the substrates without 
colliding in the discharge space. Therefore, the deposition rate can be 
expressed as: 
 
                               ܴௗ ൌ ݇௠ܻ ቀ௝೎௤ቁ ቀ
ெ೅
ேೌቁ                          (3-3) 
 
Here, km is 1for the planar system and rc/ra for the cylindrical system, rc and ra 
are the radius of the cathode and the anode, respectively. Consequently, the 
deposition rate increases significantly and results in a reduction of the 
contaminant within the thin film. During the sputtering process, the anode is 
rotated to obtain the uniform thin films. Currently, the magnetron sputtering 
system has been one the most promising technologies for the deposition of 
thin-film devices. Moreover, a magnetron sputtering system can be used in 
either DC or RF mode. 
 
Furthermore, sputtering can be used to deposit oxides or nitrides in thin films. 
When the target is composed of a pure metal, oxygen or nitrogen gas are 
introduced into the process in order to achieve the sputtered thin film through 
the reaction between the sputtered particles and the introduced reactive gas. 
This type of method is termed reactive gas sputtering, which can be used in 
either DC or RF mode. In our sputtering system, the flux of oxygen gas exists 
near substrates. The magnetron sputtering is suitable for the reactive 
deposition of oxides or nitrides because of the increase of the ion current to 
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the substrate[1]. High ion current will enhance the chemical reaction at the 
substrate during thin film growth[1].  
 
The deposition rate is affected significantly by the sputtering yield (Y), which 
is an important parameter in the sputtering system, defined as the number of 
sputter particles ejected from the target per incident ion with certain kinetic 
energy. When the target comprises a single element, a classical empirical 
formula of sputtering yield (Y)[1] is given by: 
 
                          ܻ ൌ ߙ் ∙ ଵ௟ሺாೖሻ௖௢௦ఏ೔ ∙
ெ೅ெ೔
ሺெ೅ାெ೔ሻమ ∙ ܧ௞                (3-4) 
 
Here, Mi is the atomic weigh of the incident ion, Ek is the kinetic energy of the 
incident ion, αT is the constant of the target material, ݈ሺܧ௞ሻ is the mean free 
path for elastic collisions near the target surface, θi is the angle of the 
incident ion. Therefore, it can be observed that the sputtering yield is affected 
by the following factors: (1) sputtering gas categories (e.g. Ar, Kr, Xe); (2) the 
kinetic energy of incident ions; (3) the target material; (4) surface properties 
of the target material, such as the crystal structure, contaminant and 
roughness; and (5) incident angle of ions.   
 
In the low ion energy region, the presence of threshold energy limits the 
lowest ion energy for the sputtering yield. When the target is composed of a 
single element, the threshold energy (Eth) can be expressed as[9]: 
 
                            ா೟೓ாಳ ൌ
଺.଻
ఊ೅ 															ܯ௜ ൒ ܯ்                          (3-5) 
 
and  
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ா೟೓
ாಳ ൌ
ଵାହ.଻ሺெ೔ ெ೅⁄ ሻ
ఊ೅ 						ܯ௜ ൑ ܯ்            (3-6) 
 
where EB is the surface binding energy of the target material and ߛ்is the 
energy transfer factor in an elastic collision and expressed as: 
 
                              ߛ் ൌ ସெ೔ெ೅ሺெ೔ାெ೅ሻమ				                                (3-7) 
 
Research indicates that the Eth is maintained in the order of 13 to 35 eV 
when the incident ion is Ar+[1]. According to the equation (3-4), the sputtering 
yield is affected significantly by the energy of incident ions. When the ion 
energy is near the threshold, the relationship between Y and Ek is ܻ ∝ ܧ௞ଵ ଶ⁄ [1]; 
therefore, the sputtering yield is relatively low in this region. When the Ei is 
increased to the order of 100eV, the relationship between Y and Ek is ܻ ∝
ܧ௞ [1]; therefore, the sputtering yield is increased with the increase of the 
incident ion energy. In the high ion energy region (10-100keV), the sputtering 
yield is decreased with the increase of the incident ion energy. This is due to 
the energy dissipation of the incident ions deep in the target[1]. 
 
According to equation (3-4), sputtering yield is also affected by the incident 
angle of ions. On the one hand, when the incident ions are heavy (such as 
Ar), their relationship is as outlined in Fig. 3.1.5. With the incident angle 
increasing, the sputtering yield does likewise and demonstrates a maximum 
value at the angles between 60° and 70°. Conversely, when the incident 
angle further increases,  the sputtering yield decreases rapidly.  
 
Moreover, when the incident ions are light (such as H and He[11]), the 
sputtering yield continues to increase in tandem with the incident angle. 
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Fig.3.1.5 The interplay between sputtering yield (Y) and incident angle (θi)[10]. 
 
There are two models to describe the mechanism of sputtering: (1) the 
thermal-evaporation theory that the surface of the target is heated sufficiently 
to be vaporised due to the bombardment of incident ions with certain 
energy[1,12]; (2) the momentum-transfer theory that surface atoms of the 
target are emitted when kinetic moments of incident ions are transferred to 
target surface atoms[1,13]. Momentum-transfer theory is the most important 
mechanism of sputtering. According to equation (3-4), the sputtering yield is 
affected by the target material. In equation (3-4), according to the 
momentum-transfer theory, an empirical formula of αT is expressed as[1]: 
 
                               ߙ் ൌ ܼ݁ݔ݌ ൬ିௗ೎ඥெ೔ெ೔ାெ೅ ܧ஻൰                                     (3-8) 
 
Here, Z is the atomic number of the target material, which is composed of a 
single element, and dc is the distance of closet approach between incident 
ions and the surface atoms of the target. The surface binding energy (EB) 
varies with the crystal orientation of the surface. Therefore, the sputtering 
yield is related to the crystal orientation of the surface.  
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Under certain conditions, the sputtering yield for the single crystal surface is 
decreased when the incident ions collides with the surface atoms along low-
index crystallographic directions (more densely packed directions) and 
enhanced for high-index crystallographic directions (less densely packed 
directions)[11]. For instance, When the incident Ar+ ions with the energy in the 
range of 1 ~ 10 keV collides on single crystal surface of copper, its sputtering 
yield (Y) varies with the crystal orientations in the order: Y(111)> 
Y(100)>Y(110)[11]. 
 
With the exception of depositing thin films comprising only one element, 
sputtering also can be utilised to deposit thin films composed of a compound. 
The composition of each element in thin films deposited by sputtering method 
with an alloy target differs from that of the target material. This is because of 
the different sputtering yield of each element in the target, which also 
indicates that the mechanism of sputtering is momentum-transfer theory. In 
addition, the composition of each element in thin films is affected by the 
substrate temperature. Meanwhile, the surface composition of the target also 
varies because of the different sputtering yield of each element, sputtering 
time and the temperature of the target. 
 
With the exception of the sputtering yield, sputtered particles also play an 
important role in the deposition of sputtered thin films. Therefore, it is 
necessary to study the features of sputtered atoms, including the component 
of sputtered particles, its velocity in the discharge space and the mean free 
path in the discharge space. When the energy of incident ions is several 
hundred electron volts, the sputtered particles are composed usually of the 
neutral single atoms of the target material. However, a small amount of these 
sputtered atoms are ionized when they travel through the discharge space of 
the sputtering system.  
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According to the momentum-transfer energy, the energy of sputtered 
particles is dependent on the incident ions species and the incident angles. 
However, it is also slightly dependent on the energy of incident ions because 
of the increase of energy losses in the target with the energy of incident ions 
increasing[1], as depicted in Fig. 3.1.6. 
 
 
 
Fig.3.1.6 (a) energy distributions of sputtered atoms for various incident ions; 
(b) the average energy of sputtered atoms[1]. 
 
During the sputtering process, an electric field will form near the surface of 
the target. This field tends to make the ejected sputtered ions return to the 
surface of target surface; therefore, only sputtered ions with high energy can 
escape from the target’s surface. The mean free path of sputtered particles is 
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defined as the free movement between two times collisions with the 
discharge gas molecules when the sputtered particles go through the 
discharge space in the sputtering system. The mean free path of sputtered 
particles (݈஽) can be expressed simply as[1]: 
 
                                ݈஽ ൌ ଵగ൫௥ೞା௥೒൯మே೒                                          (3-9) 
 
Here, rs and rg are the atomic radius of sputtered particles and discharge gas 
molecules, respectively. Ng is the density of discharge gas.  
 
Consequently, according to the above analysis, both of Al doped ZnO thin 
films and CuO thin films can be deposited successfully by magnetron 
reactive RF sputtering technology, in addition to magnetron RF sputtering 
technology with low RF power.  
 
3.1.2 Thermal oxidation technology 
 
Thermal oxidation is a method used to prepare the oxides through a thermal 
chemical reaction between the precursor and oxygen. Key parameters in this 
process are the heating temperature, heating time and the concentration of 
oxygen in the atmosphere. Thermal oxidation can be used to fabricate bulk 
materials, thin films and nanostructure materials. 
 
Thermal oxidation can be performed in a tube furnace; an electronic device 
utilised to fabricate inorganic compounds. The tube furnace can be 
composed of a cylindrical cavity surrounded by heating coils that are 
embedded in a thermal insulating matrix[14]. Temperature is controlled via the 
feedback from the thermocouple. The temperature near the centre of a tube 
is the most precise and stable when it reaches the desired heat. 
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Consequently, samples are always placed in this position. Quartz can be 
used as the material in the reaction tube. Once the reaction process is 
completed, samples are cooled slowly in the furnace due to the air-tight 
nature of the tube. Therefore, CuO NW samples can be cultivated in the tube 
furnace. 
 
3.1.3 Spin coating technology 
 
Spin coating is a method used to deposit uniform thin films to a flat substrate. 
A machine used for spin coating is termed a spin coater. Spin coating 
technology has been applied widely to deposit organic thin films in 
photovoltaic devices[15,16]. Usually, a small amount of coating material (~μL) 
is applied on the centre of the substrate, which is either spinning at low 
speed or not spinning at all. Then, the substrate is rotated at high speed in 
order to spread the coating material by centrifugal force[17]. Next, the coated 
organic thin films are always annealed at low temperature in order to remove 
any residual moisture. To prevent the thin films from oxidising during the 
process, the annealing should be performed under a N2 or Ar atmosphere.  
 
The thickness of the thin films depends on the speed of spin coating, duration 
of spin coating and the concentration of the solution. Therefore, in this study, 
the PCBM thin film is deposited using the spin coating method. 
 
3.2 Characteristics technologies 
 
3.2.1 Scanning Electron Microscopy  
 
Scanning Electron Microscopy (SEM) has been used widely to produce high 
resolution images of the surface of solid materials with the focused beam of 
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high energy electrons arising from the electron source. Varieties of signals 
are generated by the interaction between the high energy electrons and the 
surface atoms of a sample, detected by a detector and displayed on the 
output devices. These signals contain secondary electrons, backscattered 
electrons, diffracted backscattered electrons, X-rays, visible light and heat. Of 
these signals, both secondary electrons and back scattered electrons can be 
used to produce images of surface morphology of a sample. Diffracted 
backscattered electrons are used to analyse the crystalline structure and 
orientations of minerals, while X-rays are used to analyse the chemical 
composition. X-rays can be detected by the equipped energy-dispersive X-
ray spectroscopy (EDS). 
 
The resolution of SEM is determined by the electron wavelength and the 
interaction volume. Compared with the distance between atoms, these 
parameters are large; therefore, SEM cannot be used to analyse the 
information of individual atoms. However, it does have its own advantages; 
for example, the ability to take an image of a comparatively large area of the 
specimen, the ability to provide an image of bulk materials (not just thin films 
or foils), and the variety of analytical modes available for measuring the 
composition and properties of the specimen[18]. 
 
Both planar and cross-section morphologies of thin films and NWs were 
characterised using SEMs (SEM, USA, JSM6510; and SEM, HITACHI S-
3400N), with an additional analytical attachment of energy-dispersive X-ray 
spectroscopy (EDS) (INCA EDS, Oxford Instruments). 
 
3.2.2 Energy-dispersive X-ray Spectroscopy (EDS) 
 
 EDS is used commonly to identify the elemental composition of materials, 
which is an attachment of a SEM or a transmission electron microscopy 
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(TEM). The data of elemental composition in the EDS system can be 
generated in a selected area, a line or a dot. The size of the dot depends on 
the size of the electron beam spot. The qualitative analysis in the EDS 
system is used to identify all the elements in the sample. The quantitative 
analysis in the EDS system is used to determine accurately the composition 
of the sample. Mapping is used to analyse the elemental spatial distribution 
and the phase spatial distribution in the selected area of the sample.  
 
3.2.3Transmission Electron Microscopy (TEM) 
 
In TEM, a focused beam of high-energy electrons can transmit an ultra-thin 
specimen. The beam of electrons interacts with the atoms in the specimen 
when it passes through the ultra-thin specimen; consequently, a series of 
information on the structure properties of the specimen, including the 
structure, chemical composition of materials, selected area electron 
diffraction patterns, and information of individual atoms. The selected area 
electron diffraction patterns also contain a series of information, including 
constants of crystal lattice, orientations of crystals, categories of materials 
(crystal, quasicrystal and amorphous), the surface morphology of materials, 
defects, the characteristics of strain field in the crystal, and plastic formation, 
etc.  
 
The resolution of TEM can be up to 1Å because of the ultra-short wavelength 
of electrons (0.05Å), which are termed De Broglie waves. The wavelength of 
electrons can be further reduced through increasing the accelerating voltage, 
which is one of the most important parameters in the TEM system. As the 
accelerating voltage increases, so does the resolution of TEM; meanwhile, 
the requirement on the thickness of specimen is decreased. However, in the 
practical system, the accelerating voltage is not permitted to increase 
infinitely, and the optimised accelerating voltage is 400kV.   
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In the TEM operation, the thickness of the specimen should be as thin as 
possible to allow the beam of electrons to pass through. The specimen for 
TEM can be prepared using the following methods: replication, chemical 
etching, tissue sectioning, mechanical milling and ion etching. Currently, for 
the thin-film material, the focused ion beams (FIBs) have been used widely to 
prepare its TEM specimens. Compared with other methods, FIB has a variety 
of advantages, such as selecting the interested area of the sample, 
fabricating large TEM specimens and precisely controlling the size of 
specimens. 
 
In this study, the CuO thin-film TEM specimens were prepared using FIBs. 
Thereafter, the selected area electron diffraction (SAED) and TEM of CuO 
thin films were performed under TEM at the accelerating voltage of 200kV, 
fitted with electron energy loss spectroscopy (EELS). 
 
3.2.4 Electron Energy Loss Spectroscopy (EELS) 
 
EELS is used to analyse the energy loss distribution of a beam of electrons 
with a narrow range of kinetic energies following completion of the interaction 
between the beam of electrons and specimens. There are three types of 
EELS techniques: high resolution electron energy loss spectroscopy 
(HREELS); reflection electron energy loss spectroscopy (REELS); and 
transmission EELS.  
 
The HREELS technique is used to analyse the physical and chemical 
properties of surfaces and of absorbed atoms or molecules. This is due to its 
spectrum containing the feature characteristic of energy exchange with the 
vibrational modes of surface atoms, as well as the valence electron excitation 
therein[19]. REELS can be used to analyse the elements and structure of 
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surface during the crystal growth process when the crystal is prepared by the 
molecular beam epitaxy (MBE) method. Moreover, transmission EELS is 
used to analyse the internal structure of specimens. The reason for this is 
that the interaction occurs at the core of the specimen when the beam of 
electrons passes through the specimen. Therefore, transmission EELS is 
conducted in the TEM system. 
 
The mechanism of electron energy loss is the inelastic scattering with the 
atomic electrons surrounded each nuclei in the specimen. This inelastic 
scattering can induce the single electron excitation or plamon excitation in 
the atom. In EELS, incident electrons with high energies loss a characteristic 
amount of energy; thereby resulting from the primary process of the electron 
excitation. The transmitted electron beam is directed at a high-resolution 
electron spectrometer that separates the electrons according to their kinetic 
energy and produces an electron energy-loss spectrum showing the number 
of electrons (scattered intensity) as a function of their decrease in kinetic 
energy[19].  
 
For this study, the EELS analysis of CuO thin films was conducted in the 
TEM system. 
 
 
3.2.5 X-ray Diffraction (XRD) 
 
X-ray diffraction (XRD) analysis is a renowned technique for studying the 
crystal structure of a solid material. XRD describes the phenomenon of the 
crystal face in the crystalline material causing an incident beam of X-rays to 
interfere with each other when they leave the crystal. The diffraction occurs 
only when it satisfies the Bragg's law, which is given by: 
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                                                      ݊ ఒଶ ൌ ݀ݏ݅݊ߠ                                   (3-10) 
Here, λ is the wavelength of incident X-rays, d is the interplanar spacing in 
the crystal, θ is the diffraction angle and n is the integer (n=1,2,3, ···).  
 
In the XRD patterns, the intensity is expressed as the function of the incident 
angle (2θ). According to the diffraction peak positions, peak width and 
relative intensity, we can obtain the following information: the crystal phases 
and preferred orientation in the specimen. Nevertheless, another important 
application for XRD is quantitative analysis, which includes the average size 
of grains, interplanar spacing of crystal and concentration of phases in the 
specimen.  
 
For this study, XRD measurements were performed on a Philips X’PERT 
system with Cu Kα radiation (λ=1.54056Å), equipped with a multi-channel 
detector (X’Celerator) to collect data. 
 
 
 
 
3.2.6 X-ray Photoelectron Spectroscopy (XPS) 
 
X-ray photoelectron spectroscopy (XPS) has been used widely to analyse the 
surface properties of materials, including the elemental concentration, 
chemical states of elements and electronic state of elements, etc. When a 
high-energy X-ray beam passes through the specimen under high vacuum 
conditions, the surface atoms absorb the photons and, consequently, 
photoelectrons are emitted from the inner shell of surface atoms and then 
detected.  
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The binding energy of each emitted electron depends on the following 
equation: 
 
                                        ܧ஻ ൌ ݄߭ െ ܧ௞ െ ݍ߶௦௣                            (3-11) 
 
Here, EB is the binding energy of electrons in the specimen, hυ is the photon 
energy, Ek is the kinetic energy of photoelectrons and qϕsp is the work 
function of the XPS spectrometer. In the formula, the kinetic energy of 
photoelectrons (Ek) can be measured; thus, the binding energy (EB) is also 
obtained. 
 
In this study, the chemical states of elements in my samples were detected 
by XPS using an Al Kα X-ray source (hυ=1486.7eV) or Mg Kα X-ray source 
(hυ=1253.6eV), with the spectra calibrated by the C1s binding energy. 
 
 
 
 
 
3.2.7 UV-visible Absorption Spectroscopy 
 
Optical properties are one of the important properties of semiconductors. 
When semiconductor material is illuminated in air by a beam of light, the 
incident light will be reflected and transmitted at the interface between the 
material and air. According to the conservation of energy, the process is 
given by:        
 
                                              ܫ଴ ൌ ܫோ ൅ ܫ்                                              (3-12) 
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Here, I0, IR, IT are the intensity of incident light, the intensity of reflected light 
at the interface, and the intensity of transmitted light at the interface, 
respectively. The reflection coefficient (R) and transmittance coefficient (TT) 
are defined as: 
 
                                                ܴ ൌ ூೃூబ                                                     (3-13) 
and  
 
                                               ்ܶ ൌ ூ೅ூబ                                                     (3-14) 
 
Therefore, R and T have the following relationship at the interface: 
 
                                               1 ൌ ்ܶ ൅ ܴ                                              (3-15) 
 
If the reflection process is not the dominant process, when the incident light 
is travelling in the material, the intensity of light (I) will decrease as the 
function of distance (d), which is given by: 
 
                                                ܫ ൌ ܫ଴݁ିఈௗ೘                                            (3-16) 
Here, α is the absorption coefficient of the material. α is independent on the 
intensity of light and related on the properties of materials, which can be 
expressed as: 
 
                                        ߙ ൌ ସగ௞ఒ೗                                                     (3-17) 
 
Here, ߣ௟ is the wavelength of photons, k is the extinction coefficient of the 
material. The decrease of intensity of light in the material results from the 
absorption of the material. The absorption results in electrons in the valence 
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band excited to the conduction band in the material. This type of band-to-
band transition is termed intrinsic absorption.  
 
In general, the intrinsic absorption is dominant in the photons absorption of 
materials. In the intrinsic absorption, the energy of absorption photons must 
be no less than the band gap of materials (Eg: eV), which can be expressed 
as: 
 
                                               ݄߭ ൒ ܧ௚                                                     (3-18) 
 
Here, ν is the frequency of photons. In other words, the minimum energy 
value of photons for the intrinsic absorption is energy of band gap. Moreover, 
the energy of photons is expressed by its wavelength; therefore, the 
minimum wavelength of photons (ߣ଴: 10-9m) for the intrinsic absorption can 
be expressed as: 
 
                                              
௛௩೎
ఒబ ൌ ܧ௚                                                    (3-19) 
 
Here, νc represents the speed of photons in a vacuum (3×108m·s-1), h is the 
Planck’s constant (4.13×10-15eV·s). Consequently: 
 
                                              ߣ଴ ൌ ଵଶସ଴ா೒ 		ሺ݊݉ሻ                                      (3-20) 
According to the above equation, the band gap can be obtained by 
measuring the absorption edge of materials in the range of wavelength of 
photons. The band gap of materials obtained from the measurement of 
optical absorption is termed the optical band gap. The energy band in the 
crystal material is split and regarded as continuous in the case, as is the 
optical absorption spectrum. Currently, the UV-visible absorption 
spectroscopy technology is used to measure the absorption of materials.  
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In this study, the optical absorption of Al doped thin films on quartz 
substrates is measured using the UV-visible absorption spectroscopy 
(UV3600 SHIMADZU) in the range of wavelength from 200nm to 900nm. The 
optical absorption of CuO thin films and NWs on glass substrates were 
measured by the UV-visible absorption spectroscopy (UV3600 SHIMADZU) 
in the range of wavelength from 200nm to 1000nm. 
 
 
3.2.8 I-V measurement of solar cells 
 
Under dark conditions, the performance of a solar cell is similar to that of a 
diode. Conversely, in illuminated conditions, the current is generated in the 
solar cell, which can be used as the current source in a close circuit. An ideal 
solar cell is equivalent to a parallel circuit comprising a current source and a 
diode. However, in a practical solar cell, its efficiency is affected by the shunt 
resistance (Rsh) and the series resistance (Rs). The equivalent circuit of a 
practical solar cell is illustrated in Fig. 3.2.1. 
 
 
Fig.3.2.1 The schematic diagram of equivalent circuit of a solar cell. 
 
According to the equivalent circuit, the short circuit current (Isc) can be 
expressed as: 
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                                             ܫ௦௖ ൌ ܫ௅ ൅ ܫ஽ ൅ ܫ௦௛                                  (3-20) 
 
Here, ܫ௅, ܫ஽ and ܫ௦௛ represent the photogenerated current, diode current and 
shunt current, respectively.  
 
The open voltage (Voc) can be expressed as: 
 
                                            ௢ܸ௖ ൌ ௣ܸ െ ܫܴ௦                                         (3-21) 
 
Here, Vp, I and Rs represnt the voltage of the parallel part of the circuit, 
output current and the series resistance, respectively. Vp is the 
photogenerated voltage. The performance of a solar cell can be obtained by 
measuring the I-V curves under the illuminated condition. 
 
For this study, the dark and illuminated I-V curves of the solar cell are 
measured using the Keithley 2700 source meter fitted with solar simulator 
AM1.5G (100mW·cm-2). 
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Chapter 4 Fabrication and properties of Al 
doped ZnO thin films 
  
4.1 Al doped ZnO thin films 
 
AZO is one of the most important transparent conductive oxides (TCOs) 
because of its excellent electrical and optical properties, high thermal 
stability, and low cost. AZO has multiple applications, such as solar cells[1], 
organic light-emitting devices[2] and flat panel displays[3]. Up to now, multiple 
technologies have been utilized to prepare AZO thin films, but RF magnetron 
sputtering is one of the most important deposition technologies. AZO thin 
films have been systematically studied by previous published work; these 
have been described fully in chapter 2. Therefore, in my work, Al doped ZnO 
thin films with different carrier concentration are deposited by adjusting its 
preparing parameters during RF magnetron sputtering processing in order to 
utilize Al doped ZnO thin films in solar cells as an n-type window layer. 
 
4.2Experimental details  
 
4.2.1 Al doped ZnO thin films deposited by RF sputter with 
metal targets 
 
When Al doped ZnO thin films were deposited by RF magnetron 
sputtering, the main sputtering parameters were the substrate temperature, 
RF sputtering power, the ratio between the sputtering gas (Ar) and the 
reactive gas(O2) and deposition duration, as shown in Tab.4.1. Research[4, 5, 
6] indicates that the optimized growing temperature for AZO thin films is 
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around 250°C. On the other hand, previous works have mainly focused on 
depositing AZO thin films by sputtering technology with ZnO-Al2O3 ceramic 
targets[7, 8, 9] or Zn-Al alloy targets[10, 11]. According to the related literature[12, 
13, 14], it is known that RF sputtering power and O2 fraction are two important 
parameters during deposition processing. Therefore, the purpose of this 
section is to deposit Al doped ZnO thin films by using metal targets with 
different RF sputtering power. 
 
 These Al doped ZnO thin films were deposited on the following substrates: 
silicon, glass and quartz. In addition, these substrates were cleaned by 
acetone, IPA and de-ionized water in an ultrasonic bath before the sputtering 
processing. The target and substrates were placed parallel into the chamber 
with a distance of 6cm. The pressure of the vacuum chamber was evaluated 
down to 2×10-5Torr, and then the sputtering gas (Ar) was introduced into the 
chamber to each surface of the substrates for 10 minutes. Then, afterwards, 
when the substrates’ temperature was increased to 250°C, Al doped ZnO 
thin films were deposited on substrates. The maximum RF power in our 
sputtering system was 300 watts and the RF power was normally less than 
60 percent of the maximum power 
 
Tab.4.1 Sputtering parameters of Al doped ZnO thin films. 
Samples 
Temperature 
/°C 
Ar/O2 
sccm/sccm 
RF sputtering power  
/ Watt 
Duration 
/min 
Zn target Al target 
AZO2 
250 
20/6 180 
30 300 
AZO3 60 360 
AZO4 
150 
360 
AZO5 
20/4 
150 300 
AZO6 60 300 
AZO7 90 360 
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4.2.2 Al doped ZnO thin films deposited by RF sputter with 
ceramic targets 
 
Al doped ZnO thin films were deposited by RF magnetron sputtering 
technology with a ZnO-Al2O3 ceramic target. The most important sputtering 
parameters during the processing were RF power, the substrate temperature, 
O2 fraction, deposition duration and the Al content of the ZnO-Al2O3 ceramic 
target, as shown in Tab.4. 2. In this part of my work, the main aim was to 
investigate the effect of O2 fraction on the structural, electrical and optical 
properties of Al doped ZnO thin films. These Al doped ZnO thin films were 
deposited on the following substrates: silicon, glass and quartz, which were 
cleaned as described previously. In addition, other sputtering parameters 
were the same as previously described, except for the adjusted parameters 
listed in Tab. 4.2. 
 
Tab.4.2 Sputtering parameters of Al doped ZnO thin films. 
samples Target 
RF Power 
/Watt 
Ar/O2 
sccm/sccm
Temperature 
/°C 
Duration 
/min 
AZO8 
ZnO-
4wt.%Al2O3 
105 20/0 250 360 
AZO9 105 20/10 250 360 
AZO10 105 20/4 250 360 
AZO11 105 20/15 250 180 
AZO15 105 20/1 250 300 
AZO17 
ZnO-
5wt.%Al2O3 
150 20/0 250 240 
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4.2.3 Measurement of properties of Al doped ZnO thin films 
 
The thickness of the Al doped ZnO thin films deposited on Si substrates were 
measured by Scanning Electron Microscopy (SEM). In the mean time, their 
morphologies were observed by SEM as well. The Al content of Al doped 
ZnO thin films was measured by SEM with Energy Dispersive X-ray 
Spectrometry (EDS). X-ray diffraction (XRD) measurements were carried out 
on a Philips X’PERT system with Cu Kα radiation, equipped with a multi-
channel detector (X’Celerator) to collect data.  
 
The surface properties of Al doped ZnO thin films deposited on Si substrates 
were investigated by using X-ray photoelectron microscopy (XPS) with Al Kα 
X-ray (hυ=1486.6 eV) operated at 150W (Thermo Scientific ESCALAB 250). 
The operating pressure of the spectrometer was typically 1×10-9Torr. The X-
ray spot diameter was 500μm. The spectra were recorded in the fixed 
analyzer transmission mode with pass energies of 150 and 20 eV for 
recording the survey and high resolution spectra, respectively. Sample 
charging effects were eliminated by shifting the observed spectra so that the 
C1s binding energy value was 284.6eV.  
 
The I-V characteristics of Al doped ZnO thin films deposited on glass 
substrates with Al top electrodes were carried out on a 4-point probe station 
in order to collect data. The Al top electrodes were deposited by RF 
magnetron sputtering technology with 120 W RF power at room temperature 
for 60 minutes. The diameter of an Al electrode and the distance between the 
two nearest Al electrodes were 1mm and 1cm, respectively. The absorption 
spectra of Al doped ZnO thin films deposited on quartz substrates in visible 
regions were carried out on UV-visible equipment (UV3600 SHIMADZU).  
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The carrier concentration, mobility and resistivity of Al doped ZnO thin films 
deposited on glass substrates with Al top electrodes were measured by Hall 
measurement equipment (HMS 3000, ECOPIA) at room temperature. All 
samples had the same measured area (1cm×1cm). For the conductive 
material, the measured current was adjusted to 100μA; otherwise, it was 100 
~ 500nA. The magnetic field (B) in z-direction was 0.1T. The four Al top 
electrodes were deposited at four corners of the square sample. 
 
4.3Results 
 
4.3.1Structure of Al doped ZnO thin films 
 
The typical structures of Al doped ZnO thin films deposited by RF sputtering 
with metal targets under different RF power conditions are shown in 
Fig.4.3.1(a) and (b), which indicates that the Al doped ZnO thin films have a 
column structure. When both the RF power added to the Zinc target and 
oxygen fraction decrease, the column is bigger and the surface roughness of 
thin films is coarse.  
 
 
Fig.4.3.1 Structure of Al doped ZnO thin films on Si substrates in cross-
section: (a) AZO4; (b) AZO5. 
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Tab.4.3 Al concentration in Al doped ZnO thin films. 
Samples 
Al concentration 
Al/(Al + Zn)  wt.% 
Al concentration 
Al/ (Al+Zn) at.% 
AZO2 0.12±0.04 0.29±0.08 
AZO3 0.41±0.04 1.06±0.08 
AZO4 1.10±0.04 2.59±0.11 
AZO5 1.33±0.05 3.17±0.13 
AZO6 5.36±0.12 12.07±0.25 
AZO7 5.18±0.15 11.70±0.32 
 
The Al concentration in Al doped ZnO thin films deposited by RF sputtering 
with metal targets are shown in Tab.4.3. When the ratio of Ar and O2 is 20/6 
and the RF power added to the Zn target is 180Watt, the Al content is 
increased from 0.1wt.% to 1.10wt.% with RF power added to the Al target 
increasing from 30 watts to 150 watts.  However, in order to further increase 
the Al concentration in Al doped ZnO thin films, the ratio of Ar and O2 is 
decreased slightly from 20/6 to 20/4. Finally Al concentration is significantly 
changed by decreasing the RF power added to the Zn target from 150 watts 
to 90 watts, but then the Al concentration is varied slightly with RF power 
further decreasing.  
 
The Al concentration in Al doped ZnO thin films deposited by RF sputtering 
with ceramic targets are shown in Tab.4.4. When the ZnO-4wt.%Al2O3 target 
is used to deposit Al doped ZnO thin films, the Al concentration is varied 
slightly from 1.92wt.% to 2.11wt.%. The Al concentration is the lowest in the 
Al doped ZnO thin films deposited in the oxygen flow zero in sputtering 
process, and then it is increased to 2.11wt.% when the oxygen flow has 
increased slightly to 1sccm. As the oxygen flow is further increasing to 10 
sccm, the Al concentration is varied slightly. In addition, the Al concentration 
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is obviously increased due to the increase of Al concentration in the ceramic 
target during the thin films deposition processing. 
 
Tab. 4.4 Al concentration in Al doped ZnO thin films. 
Samples 
Oxygen flow 
/sccm 
Al concentration 
Al/(Al + Zn)  wt.% 
Al concentration 
Al/ (Al+Zn) at.% 
AZO8 0 1.93±0.05 4.56±0.13 
AZO9 10 2.00±0.08 4.71±0.18 
AZO10 4 1.96±0.11 4.63±0.25 
AZO11 15 1.96±0.07 4.63±0.16 
AZO15 1 2.11±0.06 5.04±0.15 
AZO17 0 2.46±0.11 5.76±0.27 
 
Phase structures of Al doped ZnO thin films are detected by XRD analysis. 
All the spectra have been normalized based on the intensity of the strongest 
diffraction peak before being analyzed. The XRD patterns of Al doped ZnO 
thin films on Si substrates deposited by RF sputtering with metal targets are 
shown in Fig.4.3.2 (a) and (b). Fig.4.3.2 (c) shows the XRD pattern of the Si 
substrate and it is known that the diffraction peak at 61.76° corresponds to 
the peak of SiO2 (PCPDF card: # 83-1833). Si substrates have not been 
etched by Hydrofluoric acid (HF acid) in order to remove the oxide layer on 
their surface before depositing Al doped ZnO thin films on them. Therefore, 
the SiO2 phase in the Si substrates can be detected by XRD.  
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Fig.4.3.2 XRD patterns of Al doped ZnO thin films: (a) Ar/O2: 20/6 and 
different Al RF power; (b) Ar/O2: 20/4 and different Zn RF power; (c) the Si 
substrate. 
 
When the Ar/O2 is 20/6 and the RF power added to the Zn target is kept at 
180 watts during sputtering processing, the phases in Al doped ZnO thin 
films change with the increase of RF power added to the Al target, as shown 
in Fig.4.3.2(a). The main diffraction peak at 34.236° corresponds to the 
diffraction peak (0002) of ZnO wurtzite (PCPDF No. 75-1533). Only ZnO 
wurtzite with (0002) direction is detected in the sample of AZO2, which 
indicates that Al atoms are entering the ZnO crystal lattice. The diffraction 
peak at 48.45° in the XRD pattern of AZO4 sample corresponds to the 
diffraction peak (002) of Si (PCPDF No. 80-0005). In addition, other 
diffraction peaks located at higher than 35° correspond to that of the Si 
substrates. 
 
On the other hand, when the Ar/O2 is 20/4 and the RF power added to the Al 
target is kept at 150 watts during sputtering processing, the phases in Al 
doped ZnO thin films change with the decrease of RF power added in the Zn 
target, as shown in Fig.4.3.2(b). The diffraction peak of Al2O3 with the 
direction of (002) is detected in the sample of AZO6 deposited by sputtering 
with Zn RF power of 90 watts. The PCPDF card of Al2O3 is # 86-1410, which 
shows that Al2O3 in the Al doped ZnO thin films has a monoclinic crystal 
structure with a space group of C2/m. Compared with the two groups XRD 
analysis results, it is known that Al doped ZnO thin films should be deposited 
by RF sputtering with metal targets under a lower oxygen flow. In addition, a 
higher Al concentration tends to form Al2O3 in the thin film. As a result, the 
phase structure in the Al doped ZnO thin film is controlled by the RF power 
and oxygen flow during sputtering processing at 250°C. 
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Fig.4.3.3 The interplay between (0002) diffraction peak of ZnO wurtzite and 
RF powers: (a) Al RF power; (b) Zn RF power. 
 
According to XRD patterns, it is evident that the diffraction angle of (0002) 
the diffraction peak of the ZnO wurtzite is slightly varied in different AZO thin 
films. Therefore, it is necessary to investigate their relationship; the results 
are shown in Fig.4.3.3 (a) and (b). As the RF power added to the Al target 
increases during sputtering processing, the diffraction peak of ZnO along to 
(0002) is shifted to a high angle, and consequently the interplanar spacing of 
ZnO wurtzite is decreased because of Bragg’s formula (2dsinθ=λ), which 
indicates that the incorporated Al3+ are located at substitutional sites due to 
the smaller radius of Al3+ (0.53Å) compared to Zn2+ (0.75Å)[15]. If Zn and O 
atoms form a perfect lattice, then an Al atom will occupy an interstitial 
(b)
(a)
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position[16]. In this situation, when Al doped ZnO thin films are deposited by 
sputtering them with the lower RF power added to the Zn target, Al atoms 
enter substitutional positions. Therefore, the interplanar spacing of ZnO 
wurtzite is decreased. Furthermore, with the Zn RF power rising during 
sputtering processing, An Al atom tends to be located at an interstitial 
position. As a result, its interplanar spacing is increased again. Research[17, 
18, 19] indicates that configurations of Al in the lattice of ZnO will seriously 
affect the electrical properties of AZO thin films, therefore, it is important to 
carry out the above analysis on Al doped ZnO thin films.  
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Fig.4.3.4 The interplay between grain size and Al concentration of Al doped 
ZnO thin films deposited by sputtering with metal targets. 
 
Fig4.3.4 illustrates the average grain size (D) of Al doped ZnO thin films with 
different Al concentrations, which are estimated from XRD analysis using the 
Debye-Scherer formula: 
 
                                                     ܦ ൌ ሺܭߣሻ ሺߚܿ݋ݏߠሻ⁄                            (4-1) 
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where K is the Scherer constant, depending on the peak width, the shape of 
the crystal and the size distribution. In AZO thin films deposited by 
magnetron sputtering method, K =0.89[19]. In the formula, λ is 0.1540561nm 
because of the Cu Kα utilized to carry out XRD detection and θ is the half 
diffraction angle of 2θ. β is the full width at half maximum (FWHM) of the 
peak, which is expressed as radian (1°=0.01745 rad), the dominant error 
during calculation is the caused by β, and in this case, the estimated error is 
±10%β. In my work, (0002) the diffraction peak of ZnO wurtzite has been 
chosen in order to calculate the average grain size of thin films because of 
the dominant presence of the ZnO wurtzite structure in thin films. When the 
Al concentration is changed in the range between 0.1wt.% and 1.10wt.%, the 
minimum average grain size of ZnO is 26.27nm. However, when the Al 
concentration is changed in the range between 1.33wt.% and 5.17wt.%, the 
average grain size of ZnO is kept at about 37nm. When the Al concentration 
is further increased to 5.37wt.%, it is reduced to 16.4nm. In addition, When 
the Al concentration is 5.37wt.%, the average grain size of Al2O3 is 54.70nm, 
which is about three times that of ZnO. 
 
Phase structures of Al doped thin films on silicon substrates deposited by 
sputtering with ceramic targets under different oxygen flow conditions are 
detected by XRD and the results are shown in Fig.4.3.5 (a) ~ (b). The 
diffraction peak at the position of 34.5°±0.1° corresponds to the (0002) 
diffraction peak of ZnO wurtzite. Therefore, it has been demonstrated that all 
of the Al has entered the ZnO wurtzite lattice. When the Al’s concentration in 
the ceramic target is higher during the sputtering process, the (002) 
diffraction peak of Al2O3 with monoclinic crystal structure is detected at the 
position of about 32.95°, as shown in Fig. 4.3.5 (b). In addition, all other 
diffraction peaks in the XRD patterns correspond to that of silicon substrates. 
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Fig.4.3.5 XRD patterns of Al doped ZnO thin films on Si substrates deposited 
by sputtering with ceramic targets: (a) different oxygen flow conditions; (b) 
different Al concentrations in the ceramic target. 
 
When the Al doped thin film is deposited by the sputtering method with the 
ceramic target under different O2 flow conditions, the average grain size in 
the thin film is changed with the variation of O2 flow and the result is 
illustrated in Fig.4.3.6. In addition, the error is estimated as ±10%, according 
to the calculation. As the O2 flow increases from 0sccm to 4sccm during 
(a)
(b)
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sputtering process, the average grain size is increased from 26.68nm to 
41.35nm. Then, with the O2 flow further increasing, it is reduced again. When 
the Al doped thin film is deposited by the sputtering method with the ceramic 
target with a higher Al concentration, the average grain size of ZnO in thin 
film is 25.35nm. In addition, the average grain size of Al2O3 in the thin film is 
22.33nm. 
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Fig.4.3.6 The interplay between grain size of Al doped ZnO thin films and O2 
flow during sputtering process. 
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Fig.4.3.7 XPS of Al doped ZnO thin films on Si substrates deposited by RF 
sputtering with the ceramic target under the oxygen flow of 0sccm. 
 
The surface properties of the Al doped thin film deposited by sputtering at an 
oxygen flow of 0sccm with the ZnO-4wt.%Al2O3 target are analyzed by XPS 
and the result is shown in Fig. 4.3.7 (a) ~ (e). All the spectra are normalized 
based on the intensity of the strongest peak. The observed XPS spectra are 
calibrated by taking the C1s peak as the reference (284.6eV[20, 21, 22]). The 
lowest binding energy of the C1s peak in the thin film is 284.48eV, which is 
less than 0.12eV than the value of the reference C1s peak because of the 
sample charging effect, as shown in Fig.4.3.7 (a). Therefore, the binding 
energy in the observed spectra should be shifted to 0.12eV; the spectra are 
shown in Fig. 4.3.7 (b) ~ (e). 
(c)  (d)
(e) 
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A survey spectra of (-1.2~1250eV) of the thin film is illustrated in Fig. 
4.3.7(b). Elements of Zn, O and C are detected in the survey spectra. The 
C1s peak in the spectra, results from the contamination on the surface of the 
thin film. The Al2p peak is successfully detected as well, but cannot be shown 
in the survey spectra because of its low concentration in the thin film. 
Fig.4.3.7(c) ~ (e) illustrates the spectra of Al2p3/2, Zn2p and O1s, respectively. 
The binding energy of Al2p3/2 on the surface of the thin film is about 73.73eV, 
which is lower than the binding energy (75.6eV) of amorphous Al2O3 films[15]. 
Compared with 1021.7eV[23] in the ZnO bulk and 1021.45eV[23] in the Zn bulk, 
the binding energy of Zn2p3/2 in the thin film is 1021.87eV, which 
demonstrates no metallic Zn can be present on the surface of the thin film.  
Simultaneously, the core line of Zn2p3/2 exhibits high symmetry on the surface 
of the thin film, which provides information on the chemical state of Zn; that 
Zn atoms always keep the valence state of Zn2+.  
 
O1s peak has been deconvoluted into two peaks, shown in Fig.4.3.7(e). The 
peak located at the lower binding energy of 530.21eV corresponds to the O2- 
ions on the wurtzite ZnO structure of the hexagonal Zn2+ ions array, which is 
surrounded by Zn2+ or Al at substitution position sites[15, 24, 25]. The peak 
located at the higher binding energy of 531.90 eV is attributed to the 
chemisorbed oxygen on the surface of the thin film, such as ܱିଶ , ܱଶି and 
ܱି[25]. In addition, the valence band of the Al doped ZnO thin film is shown in 
Fig.4.3.8, which confirms that the Al doped ZnO thin film is an n-type 
material.  
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Fig.4.3.8 The valence band of the Al doped ZnO thin film (AZO8 sample). 
 
 
 
4.3.2 Optical properties of Al doped ZnO thin films 
 
The optical transmission of Al doped ZnO thin films on quartz substrates 
deposited by sputtering with metal targets are measured by a UV-visible 
spectrophotometer, and the result is shown in Fig. 4.3.9. The fluctuation in 
the spectra is dominant because of the interface effect owing to the reflection 
at interfaces[19]. Sharp absorption edges are observed in all the spectra 
corresponding to Al doped ZnO thin films deposited by RF sputtering with 
metal targets. All of the Al doped ZnO thin films have high transmittance of 
over 90% in the visible light region and full absorption in the ultra-violet 
region. In addition, the absorption edge is shifted to the ultra-violet region 
with the Al concentration increasing in Al doped ZnO thin films because of 
the Burstein-Moss effect[26, 27]. 
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Fig. 4.3.9 Transmittance of Al doped ZnO thin films deposited by sputtering 
method with metal targets. 
 
ZnO wurtzite is a direct band gap semiconductor; therefore, the relationship 
between the absorption coefficient (α) and the optical band gap is as follows: 
 
                                        ߙ~ሺ݄ݒ െ ܧ௚ሻଵ ଶൗ                                        (4-2) 
where h is the Planck’s constant, v is the frequency of the incident photons. 
The α is defined as: 
 
                                          ܫ ൌ ܫ଴݁ିఈௗ೘                                              (4-3) 
 
where dm is the thickness of the thin film, ܫ଴ is the intensity of the incident 
light and ܫ is the intensity of the light travelling in the material. According to 
the Beer-Lambert law[28], the absorption of (A) can be expressed as follows: 
 
                                           ܣ ൌ െ݈݃ ூூబ                                              (4-4) 
 
Therefore, the relationship between A and α is shown as follows: 
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                                          ܣ ൌ ߙ݀௠݈݊10                                         (4-5) 
 
Transmittance (T) is defined as: 
 
                                            ்ܶ ൌ ூ೅ூబ                                                   (4-6) 
 
where IT is the intensity of transmitted light. As a result, according to 
equations (4-3, 4-4 and 4-5), T and α obey the following relations: 
 
                                             ߙ ൌ ଵௗ೘ ݈݊
ଵ
೅்
                                          (4-7) 
 
Finally, according to equations (4-2 and 4-7), the curve of α2 ~hυ is plotted 
based on the transmittance spectra of Al doped ZnO thin film, shown in 
Fig.4.3.10. The linear region is then extrapolated to the photon energy in 
order to get the optical band gap. With the Al concentration increasing in the 
Al doped ZnO thin films from 0.1wt.% to 5.37wt.%, their optical band gaps 
increase from 3.21eV to 3.53eV.  
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Fig.4.3.10 Optical band gap of Al doped ZnO thin films deposited by 
sputtering with metal targets: (a) AZO2; (b) AZO3; (c) AZO4; (d) AZO5, (e) 
AZO6; (f) AZO7. 
 
The change of the optical band gap can be explained by the Burstein-Moss 
shift. Under a thermal equilibrium condition, for a non-degenerate 
semiconductor, Fermi level (EF) is the function of the donor concentration 
(ND), in the thin film and they have the following relation: 
 
                              ܧி ൌ ܧ௜ ൅ ݇଴݈ܶ݊ ேವ௡೔ 			ሺ ஽ܰ ≫ ஺ܰ	ሻ                      (4-8) 
 
(e)
(f)
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where ܧ௜ is the intrinsic Fermi-level, ݊௜ is the intrinsic carrier concentration at 
the thermal equilibrium condition; NA is the acceptor concentration in the thin 
film; T is the absolute temperature (Kelvin); ݇଴  is the Boltzmann constant. 
When the Al concentration increases, ND is increased, and consequently EF 
is increased as well and is close to the conduction band, according to the 
equation (4-8). If the Al concentration is so high that the Fermi-level EF enters 
the conduction band, the semiconductor is termed as the degenerate 
semiconductor in the situation. Under this condition, the energy levels lower 
than EF are occupied by electrons, and on the contrary they are empty. 
Therefore, electrons in the valence band have to be excited to high energy 
levels in the conduction band and consequently the measured optical band 
gap (Emg) is increased. This phenomenon can be described by the Burstein-
Moss shift: 
 
                                       ܧ௠௚ ൌ ܧ௚ ൅ ∆ܧ௚                                        (4-9) 
 
where Eg is the actual band gap of the semiconductor, ΔEg is the increased 
band gap caused by the Fermi-level increasing and can be expressed as[29]: 
 
                                              ∆ܧ௚ ൌ ൣ1 ൅ ሺ݉௖ ݉௩ൗ ሻ൧ܧி                              (4-10) 
 
where mc is the effective mass of electrons at the edge of a conduction band 
and mv is the effective mass of holes at the edge of a valence band. On the 
other hand, the Al in ZnO is a shallow donor when EF is close to the 
conduction band[30]; thus, it is easy to excite electrons into the bottom of the 
conduction band. When the Al concentration in the thin film is increased, the 
electron concentration at the bottom of the conduction band is increased as 
well. As a result, according to the Pauli principle, electrons in the valence 
band have to be excited to higher energy levels in the conduction band, and 
consequently its optical band gap is increased. 
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The optical transmission of Al doped ZnO thin films on quartz substrates 
deposited by a sputtering method with ceramic targets under different oxygen 
flows are measured by a UV-visible spectrophotometer as well, and the result 
is shown in Fig. 4.3.11(a) and (b). Absorption edges are observed in all the 
spectra corresponding to Al doped ZnO thin films. All of Al doped ZnO thin 
films have high transmittance of over 90% in the visible light region and high 
absorption in the ultra-violet region. In addition, the absorption edge is shifted 
to the ultra-violet region with oxygen flow increasing during sputtering 
processing. The absorption edges of Al doped ZnO thin films are shifted to a 
longer wavelength region with the Al content increasing in the ceramic 
targets. 
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Fig.4.3.11 Transmittance of Al doped ZnO thin films deposited by a 
sputtering method with ceramic targets: (a) under different oxygen flow 
conditions; (b) different Al concentrations in ceramic targets. 
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Fig.4.3.12 Optical band gap of Al doped ZnO thin films deposited by 
sputtering with ceramic targets: (a) AZO8; (b)AZO9; (c)AZO10; (d)AZO11; 
(e)AZO16; (f)AZO17. 
 
The optical band gap of the Al doped ZnO thin film is analyzed and the result 
is shown in Fig. 4.3.12 (a) ~ (f). The Al concentration in the Al doped ZnO 
thin film varies slightly with the oxygen flow increasing during sputtering 
processing. Therefore, when the oxygen flow is increased during the 
sputtering process, the optical band gap of the thin film is nearly kept the 
same, but when the oxygen flow is 15sccm, the optical band gap of the 
AZO11 sample is increased to 3.41eV. In addition, under the same sputtering 
conditions, with the Al concentration in the ceramic target increasing, the 
optical band gap of the corresponding Al doped ZnO thin film is decreased by 
0.25eV, as shown in Fig.4.3.12 (a) and Fig.4.3.12 (f).  
 
4.3.3 Electrical properties of Al doped ZnO thin films 
 
I-V characteristics of Al doped ZnO thin films on glass substrates with Al top 
electrodes are measured by a 4 point probe station and the measurement 
result of sample AZO2 is shown in Fig. 4.3.13. The contact behaviour of Al 
(f)
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doped ZnO thin films with Al top electrodes is ohmic. Therefore, Al can be 
used as the top electrode to measure the electrical properties of Al doped 
ZnO thin films. 
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Fig.4.3.13 The typical I-V characteristics of Al doped ZnO thin films on glass 
substrates with Al top electrodes. 
 
Electrical properties of Al doped ZnO thin films on glass substrates deposited 
by sputter with metal targets are measured by the Hall effect, which is an 
important research method. The Hall measurement can be utilized to obtain 
the carrier type as well as the carrier concentration, Hall mobility and 
resistivity of a semiconductor. A moving charge carrier in the magnetic field is 
affected by Lorentz force ࢌ, which is expressed as: 
 
                                        ࢌ ൌ ݍ࢜ ൈ ࡮                                              (4-11) 
where q is the elementary charge, ࢜ is the drift velocity of the charge carrier 
in the magnetic field and ࡮ is the magnetic flux intensity in the magnetic field. 
When an electric field (Ex) is applied along the x-axis and a magnetic field 
(Bz) along the z-axis, electrons accumulate on one side of the semiconductor 
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along the y-axis and holes on another side along the y-axis because of the 
Lorentz force. Consequently, an electric field (Ey) along the y-axis is 
produced due to the accumulations of charge carriers in the semiconductor. 
The phenomenon is called the Hall effect and Ey is called the Hall electric 
field. 
 
In its steady state, there is no net current flowing along the y-axis, therefore, 
the electric field force (F) along the y-axis produced by Ey and the Lorentz 
force are kept in balance, that is, 
 
            n-type semiconductor:      ܨ ൌ െ݂                                           (4-12a) 
            p-type semiconductor:       ܨ ൌ ݂                                       (4-12b)     
the electric field force  can be described as: 
 
                                                     ܨ ൌ ݍܧ௬                                             (4-13) 
therefore, 
 
           n-type:                        ݍܧ௬ ൌ െݍݒ௫ܤ௭                                  (4-14a) 
           p-type:                        ݍܧ௬ ൌ ݍݒ௫ܤ௭                                     (4-14b) 
where ݒ௫ is the drift velocity along the x-axis. 
 
For an n-type semiconductor, the current density (ܬ௫) along the x-axis and ݒ௫ 
obey the following relationship: 
 
                                           ܬ௫ ൌ ݊ݍݒ௫                                             (4-15) 
where n is the carrier concentration of the n-type semiconductor. According 
to equations (4-14a and 4-15), Ey can be described as follows:  
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                                          ܧ௬ ൌ െ ௃ೣ௡௤ ܤ௭                                         (4-16) 
Ey can be expressed by the Hall coefficient (RH) as well, 
  
                                                 ܧ௬ ൌ ܴுܬ௫ܤ௭                                         (4-17) 
Therefore, without considering the scattering in the semiconductor, RH can 
be described as: 
 
                        n- type:                       ܴு ൌ െ ଵ௡௤                                 (4-18a) 
                        p- type:                       ܴு ൌ ଵ௣௤                                     (4-18b) 
where p is the carrier concentration in the p-type semiconductor. It's known 
that RH is negative in n-type semiconductors and positive in p-type 
semiconductors. As a result, the carrier type in a semiconductor can be 
confirmed by RH. Therefore, the carrier type of all of the Al doped ZnO thin 
films in my work is n-type because of  the negative carrier concentration in 
the Al doped ZnO thin films, as shown in Tab.4.5 and Tab.4.6. This is in 
perfect accord with the analysis of the valence band, shown in Fig.4.3.8. 
If the size of a sample along the x-, y- and z- axes are ݈	(length), b(width) and 
d (thickness), respectively, RH can be calculated by measuring the current (Ix) 
along the x-axis and Hall voltage (VH): 
 
                                                            ܴு ൌ ௏ಹௗூೣ஻೥                                   (4-19) 
In addition, Hall mobility ( ߤு ) is defined as: 
                                                   ߤு ൌ |ܴு|ߪ                                 (4-20) 
where σ is the conductivity of the semiconductor. 
 
Tab.4.5 illustrates the electrical properties of Al doped ZnO thin films 
deposited by sputtering method with metal targets. For AZO2, AZO3 and 
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AZO6 samples, the error of carrier concentration data is ±50% of the average 
because of the low applied current (~50nA). With the applied current 
increasing, the error of carrier concentration data is decreased to ±20% of 
the average. In the mean time, the error of mobility data is ±10% of the 
average and the error of resistivity data is ±2% of the average. It’s known that 
the electrical properties of Al doped ZnO thin films are dependent on the Al 
concentration in the corresponding thin film, as shown in Fig.4.3.14 (a) and 
(b).  
 
Tab.4.5 Electrical properties of Al doped ZnO thin films deposited by 
sputtering with metal targets. 
Samples 
Thickness 
/μm 
Carrier 
concentration 
/×(-1)cm-3 
Mobility 
/cm2·V-1·s-
1 
Resistivity 
/Ω·cm 
AZO2 1.35 1.925E+13 1.129E+1 2.873E+4 
AZO3 1.31 2.269E+13 1.620E+1 1.698E+4 
AZO4 1.51 9.296E+15 1.379E+0 4.869E+2 
AZO5 1.09 1.288E+18 3.764E-1 1.287E+1 
AZO6 0.393 2.221E+13 5.248E+1 5.355E+3 
AZO7 0.461 1.490E+18 1.037E+0 4.088E+0 
 
With the Al concentration increasing from 0.1wt.% to 1.1wt.% in the thin films, 
the carrier concentration is slowly increased from 1013cm-3 to 1015cm-3. After 
that, it is sharply increased to 1018cm-3 when the Al concentration is 
increased to 1.33wt.%, and then kept at 1018cm-3 until the Al concentration is 
5.17wt.%. However, the carrier concentration is sharply reduced to 1013cm-3 
when the Al concentration in the thin film is further increased to 5.37wt.%, as 
shown in Fig.4.3.14(a). The carrier concentration is associated with defects in 
the thin film. There are a variety of intrinsic defects in the ZnO wurtzite 
structure, such as oxygen vacancies ( ைܸ), oxygen interstitials ( ௜ܱ), oxygen 
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antisites (ܱ௓௡), zinc interstitials (ܼ݊௜) and zinc vacancies ( ௓ܸ௡)[31]. There are 
three localized charge states of ைܸ  in the band gap, which are shown as 
follows: ைܸ଴ , ைܸାଵ , and ைܸାଶ [32]. Research[30] indicates that the n-type 
conductivity of undoped ZnO results from ܼ݊௜  at room temperature under 
thermal equilibrium conditions because of the following dissociation reaction: 
                                        
                                            ܼ݊௜଴ → ܼ݊௜ାଵ ൅ ݁                                (4-21) 
 
When the Al doped ZnO thin film is deposited by a sputtering method with 
metal targets at oxygen flow of 6sccm under different RF power added on the 
Al target, according to XRD analysis (shown in Fig.4.3.3(a)), the incorporated 
Al3+ are located at substitutional sites and marked ܣ݈௓௡ . Research[33] 
indicates that ௓ܸ௡ defects are introduced to the localized state in the band 
gap when a small amount of Al3+ is located at substitutional sites. It is 
discovered that ௓ܸ௡ defects are deep acceptors[32],  and therefore they are 
trapping centres.  
When both donors and acceptors are present in the n-type semiconductor, 
under a thermal equilibrium condition, for a non-degenerate semiconductor, if 
donor impurities are totally ionized, the free carrier concentration in the band 
gap at room temperature can be expressed as: 
 
                             ݊଴ ൌ ஽ܰ െ ஺ܰ								ሺܧ஽ െ ܧி ≫ ݇଴ܶሻ               (4-22) 
 
where ݊଴ is the free electrons concentration in the n-type semiconductor and 
ܧ஽ is the ionization energy of the donor. The ஺ܰ is increased in the Al doped 
thin film with quite a low Al concentration (0.1wt.% and 0.4wt.%) deposited by 
sputtering method with the variation of RF power added to the Al target, and 
consequently according to the equation (4-22), the free carrier concentration 
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in the band gap is quite low. However, the concentration of defects is 
decreased with the increase of Al concentration in the AZO thin film[32], 
therefore, the free carrier concentration in the Al doped thin film is increased.  
 
When the oxygen flow is reduced to 4sccm during the sputtering process, 
according to the XRD analysis (shown in Fig.4.3.3(b)), Al is located at 
interstitial sites of the ZnO wurtzite and marked ܣ݈௜. This is a shallow donor 
in the band gap and electrons are easily excited in the conduction band. 
Therefore, the ஽ܰ  in the equation (4-22) is increased and the free carrier 
concentration in the Al doped thin film is increased from 1015cm-3 to 1018cm-3. 
In addition, the concentration of defects in the Al doped thin film deposited by 
sputtering with metal targets is high, its free carrier concentration has 
increased to medium level because of the impurity compensation, compared 
with that of the conductive Al doped ZnO thin films. When the Al 
concentration in the thin film is further increased to 5.37wt.%, Al2O3 is formed 
as a separate phase on the grain boundary and detected by XRD, as shown 
in Fig.4.3.2(b). In the mean time, the ௓ܸ௡  concentration is also increased 
because of the formation of Al2O3; both of them significantly reduce the 
carrier concentration of the Al doped ZnO thin film[34]. Therefore, the carrier 
concentration in the Al doped ZnO thin film with 5.37wt.% is sharply 
decreased to 1013cm-3. 
 
The hall mobility in the Al doped ZnO thin film is increased firstly from 
8cm2·V-1·s-1 to 16cm2·V-1·s-1 and then sharply reduced with the Al 
concentration increasing in the corresponding thin film. Finally, when the Al 
concentration is 5.37wt.%, the Hall mobility is increased again, as shown in 
Fig.4.3.14(a). Considering scattering factors in the thin film, the Hall 
coefficient RH in the equation (4-18a) is changed and shown as follows: 
                                                   ܴு ൌ െ ௥ಹ௡௤                                         (4-23) 
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where ݎு is the Hall factor determined by the scattering mechanism in the 
thin film. According to the equation (4-20), it is due to the fact that the Hall 
mobility (ߤு) is seriously affected by scattering factors in the thin film as well. 
For the Al doped ZnO thin film, scattering factors include grain-boundary 
scattering, neutral impurity scattering, lattice vibration scattering, intragrain 
cluster scattering and ionized impurity scattering, etc[19].  
 
In the grain-boundary scattering mechanism, the free-electron mean path (L) 
in the Al doped ZnO thin film can be expressed by the following relation[35]: 
 
                                     ܮ ൌ ቀ ௛ଶ௤ቁ ቀ
ଷ௡
గ ቁ
ଵ ଷ⁄ ߤ                                    (4-24) 
where π is 3.14159. When the average grain size of the thin film is 
comparable to the L, the grain-boundary scattering mechanism is dominant 
[19].  For the Al doped ZnO thin film, the calculated L is less than 1nm. In my 
work, the value of L is much less than the average grain size in the thin film, 
which is shown in Fig.4.3.4 and Fig.4.3.6, and consequently the grain-
boundary scattering mechanism has little influence on the Hall mobility of the 
thin film. 
 
In the ionized impurity scattering mechanism, the carrier mobility (ߤ௜) and the 
concentration of the scattering centres ( ௧ܰ) obey the following relationship[36]:  
               ߤ௜ ൌ ቀ ଶ௠೎ቁ
ଵ ଶ⁄ ఌభ మ⁄ ாಷయ మ⁄
గ௤యே೟௓మ ∙
ଵ
௟௡൭ଵା ഄಶಷ
ಿ೟భ య
⁄ ೋ೜మ
൱
మ ∝ ௧ܰି ଵ                   (4-25) 
where ε and Zq are the static dielectric constant and the ion charge, 
respectively. For the degenerated AZO thin film, the value of ௧ܰ  is 
approximately equal to the carrier concentration (n). Therefore, the ߤ௜  is 
slowly changed under high carrier concentration. As the ௧ܰ	increases in the 
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Al doped thin film with the Al concentration increasing, the ߤ௜  is sharply 
reduced. When the Al concentration is in the range between 1.33wt.% and 
5.17wt.%, the ௧ܰ	 is slowly changed and consequently the mobility ߤ௜  is 
slowly changed as well. When the Al concentration is increased to 5.37wt.% 
in the thin film, the Al2O3 phase is formed as a separate phase on the grain 
boundary and consequently the Al concentration in the ZnO lattice is 
reduced. As a result, the ௧ܰ	is decreased in the lattice and ߤ௜ is significantly 
increased as well because of the quite low free-electron mean path (L). 
 
In the lattice vibration scattering mechanism, the mobility ( ߤ் ) and 
temperature (T) obey the following relationship: 
 
                                               ߤ் ∝ 	ܶିଵ                                         (4-26) 
It is known that the lattice vibration scattering mechanism is dominant at high 
temperatures and can be ignored at room temperature. In my work, all of the 
Hall measurements are taken at room temperature, therefore it is not the 
dominant scattering mechanism. 
 
The neutral impurity scattering mechanism results from the unionized 
impurity in the thin film at a low temperature. It is the dominant mechanism 
only when both the lattice vibration scattering mechanism and ionized 
impurity scattering mechanism are not dominant at low temperatures in the 
heavy doped thin film. Therefore, it is considered to be negligible in the Al 
doped thin film in my work. 
 
The intragrain cluster scattering mechanism is also mentioned to interpret the 
variation of mobility[19]. However, the reason for this is still not confirmed. The 
higher concentration of Al leads to the intragrain congregation forming 
various clusters such as Al–Al and Al–O, which affects the mobility of the Al 
doped ZnO thin film. 
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In general, in my work, the Hall mobility (ߤு ) of the Al doped thin film 
deposited by sputtering method with metal targets can be expressed as: 
 
                                               ଵఓಹ ൌ
ଵ
ఓ೔ ൅
ଵ
ఓ಺                                    (4-27) 
where ߤூ  is the mobility caused by the intragrain cluster scattering 
mechanism.  
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Fig.4.3.14 Electrical properties of the Al doped ZnO thin film deposited by 
sputtering with metal targets: (a) carrier concentration and mobility; (b) 
resistivity. Note that n is the carrier concentration, μH is the Hall mobility. 
 
However, the scattering mechanisms are complex and their effects on the 
mobility of a semiconductor should be described by using several scattering 
mechanisms together. Fig.4.3.14(b) illustrates the interplay between the Al 
concentration and resistivity of the Al doped thin film deposited by sputtering 
with metal targets. The resistivity (ρ) can be expressed by the following 
formula: 
 
                                                      ߩ ൌ ଵ௡௤ఓಹ                                          (4-28) 
 
When the Al concentration is in the range between 0.1wt.% and 5.17wt.%, 
the carrier concentration (n) is the dominant factor, compared with the 
variation of ߤு . As a result, the resistivity of the thin film is significantly 
reduced with the carrier concentration increasing from 1013cm-3 to 1018cm-3. 
Then, when the carrier concentration is kept at 1018cm-3, the resistivity varies 
slightly. When the Al concentration in the thin film is up to 5.37wt.%, the 
resistivity is increased again because of the relatively low carrier 
concentration. However, its resistivity is still lower than that of the Al doped 
thin films with nearly the same carrier concentration because of its higher 
mobility.  
 
Tab.4.6 shows the carrier concentration (n), Hall mobility (ߤு) and resistivity 
(ρ) of the Al doped ZnO thin films deposited by sputtering with ceramic 
targets under different oxygen flow conditions. The error of carrier 
concentration data is ±(10-60)% of the average, according to the 
measurement. The error of mobility data is ±100% of the average and the 
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error of resistivity data is ±2% of the average. It is known that the carrier 
concentration is changed in the range between 1015cm-3 to 1020cm-3. The Hall 
mobility is kept in the range between 1~10cm2·V-1·s-1 and the resistivity is 
changed in the range between 5×10-3Ω·cm and 102Ω·cm. When the ceramic 
target with higher Al concentration is utilized to deposit Al doped ZnO thin 
film, its carrier concentration and mobility are decreased and resistivity is 
increased, compared with that of sample AZO8. 
 
 
Tab.4.6 Electrical properties of Al doped ZnO thin films deposited by 
sputtering with ceramic targets under different oxygen flow conditions. 
Samples 
Thickness 
/μm 
Carrier 
concentration 
/×(-1)cm-3 
Mobility 
/cm2·V-1·s-
1 
Resistivity 
/Ω·cm 
AZO8 0.93 1.860E+20 6.698E+0 5.011E-3 
AZO9 0.63 1.206E+15 7.813E+0 6.624E+2 
AZO10 0.77 1.339E+16 4.187E+0 1.113E+2 
AZO11 0.36 2.542E+15 3.191E+0 7.696E+2 
AZO15 0.30 6.773E+18 2.727E+0 3.380E-1 
AZO17 0.87 1.241E+20 3.631E+0 1.385E-2 
 
 
Fig.4.3.15 (a) and (b) illustrate the relationship between the electrical 
properties of Al doped thin films and O2 flow during the sputtering process. 
With the O2 flow increasing from 0sccm to 1sccm during the sputtering 
process, the carrier concentration is sharply decreased, and then it is slowly 
decreased as the O2 flow further increases. The Hall mobility of the Al doped 
ZnO thin film is reduced firstly with the O2 flow increasing to 1sccm during 
sputtering, and then it is the function of O2 flow with the parabolic rule.  
According to the equation (4-28), it is known that the resistivity of the Al 
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doped ZnO thin film is dominantly affected by the carrier concentration. 
Therefore, its resistivity is slowly increasing with the increase of O2 flow 
during the sputtering process. 
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Fig.4.3.15 Electrical properties of the Al doped ZnO thin film deposited by 
sputtering with ceramic targets under different oxygen flow conditions: (a) 
carrier concentration and mobility; (b) resistivity. Note that n is the carrier 
concentration, μH is the Hall mobility. 
 
When the Al doped ZnO thin film is deposited by RF sputtering method with 
ZnO-4wt.%Al2O3 ceramic target, the Al concentration varies slightly with the 
(a)
(b)
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O2 flow increasing. However, the carrier concentration is significantly 
changed. It is known that the carrier concentration in the thin film is 
dependent on the concentration of donor dopants and defects in thin films. 
When reactive gas O2 is introduced into the sputtering chamber during the 
sputtering process, the oxygen interstitials (Oi) are introduced into the Al 
doped thin films, which are deep acceptors [32]. The deep acceptors have the 
ability to trap electrons in the donor, and thus the concentration of electrons 
excited into the conduction band is decreased. Furthermore, the carrier 
concentration in the thin film is decreased with the increase of Oi defects. 
The dominant scattering mechanism in the Al doped ZnO thin film is the 
ionized impurity scattering mechanism. Therefore, according to the equation 
(4-25), the Hall mobility is changed with the variation of carrier concentration.  
 
When the Al concentration is increased in the ceramic target during thin film 
the deposition process, the Al concentration in the thin film is increased, but 
not all of the Al are shallow donors, therefore, the carrier concentration is 
decreased. On the other hand, with the increase of Al concentration, the 
concentration of scattering centres is increased as well and its Hall mobility is 
decreased. 
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4.4 Conclusion 
(1) Al doped ZnO thin films with high transmittance (over 90%) in the light-
visible region are successfully fabricated by RF magnetron sputtering method 
by adjusting its sputtering parameters (targets categories, Al concentration in 
the target, RF power and O2 flow); 
(2)Al doped ZnO thin films with a wide range of carrier concentration (1013cm-
3 ~ 1020cm-3) and with wide range of resistivity (10-3Ω·cm ~ 104Ω·cm) are 
adjusted by changing the sputtering parameters; 
(3)When metal targets are used to deposit Al doped ZnO thin films during the 
sputtering process, the lower oxygen flow and lower Al RF power are helpful 
for depositing thin films with higher carrier concentration; 
(4)When ceramic targets are used to deposit Al doped ZnO thin films during 
the sputtering process, the oxygen flow is a key parameter in adjusting the 
electrical properties of Al doped ZnO thin films; 
(5)It is advised to select the Al doped thin film with suitable electrical 
properties as either the n-type window layer or electrodes in solar cells. 
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Chapter 5 Fabrication and properties 
of CuO nanowires 
 
5.1 CuO nanowires 
 
CuO nanowires (NWs) have had wide applications in nanoscale 
electronics[1,2], field emission electron sources[3], gas sensors[4,5], catalysts[6], 
self-cleaning[7] and optoelectronic devices[8,9,10], and so forth. This owes to 
their low cost, easy fabrication, nontoxicity, excellent electrical and optical 
properties[11,12] and high Young’s modulus[13]. In addition, theoretical 
calculation on the CuO-based solar cell indicates that the PCE of CuO solar 
cells is up to 26.82%[14]. Therefore, CuO NWs are an appropriate candidate 
for the absorber layer in solar cells.  
 
CuO NWs can be fabricated by using a sol-gel route[15], wet chemical 
route[16,17], screening[18], thermal oxidation in air[19], and so forth. Among 
them, the thermal oxidation method in air has been widely used to grow CuO 
NWs on copper sheets because of its advantages, such as low cost, easy 
preparation and non contamination.   
 
At present, most of CuO NWs are grown on copper substrates and are easy 
to peel off. This has limited the development of photovoltaic devices based 
on CuO NWs. Therefore, it is necessary to grow CuO NWs on different 
substrates. However, so far the growth of CuO NWs on different substrates 
has not been fully investigated, except for on Si substrates[20] and Ti-Si 
substrates[21].  
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5.2 Experimental details 
 
In my work, two approaches are used to fabricate CuO NWs. The first 
approach is directly growing CuO NWs on copper sheets by thermal 
oxidation in ambient atmosphere; another one is fabricating CuO NWs by 
heating copper (Cu) thin films on other substrates in ambient atmosphere. Cu 
thin films were firstly deposited on substrates by RF magnetron sputtering 
technology.  FTO, Al doped ZnO, Glass, quartz, Ti and Si were selected as 
substrates to deposit Cu thin films and then grew CuO NWs on them. 
 
5.2.1 Fabrication of CuO NWs on Cu sheets 
       
In the typical thermal oxidation procedure, Cu sheets were cleaned in an 
aqueous 1.0M HCl solution for 60 seconds. This was followed by rinsing it 
with distilled water several times, and then the cleaned Cu sheets were dried 
in a nitrogen (N2) flowing gas. After that, the Cu sheets were placed on a Si 
holder. When the temperature in a quartz tube furnace had risen to the 
setting point, the substrates were put in the furnace. The designed heating 
temperatures were 350°C, 390°C and 400°C, respectively; the designed 
heating times were 4hrs, 6hrs, 16hrs, 24hrs and 72hrs, respectively. Finally, 
these heating samples were cooled down in the furnace until they were at 
room temperature. 
 
5.2.2 Fabrication of CuO NWs on other substrates 
       
In another thermal oxidation procedure, these selected substrates (FTO, Al 
doped ZnO, Glass, Ti and Si) were sequentially cleaned by Acetone, IPA and 
de-ionized water in an ultrasonic bath. The distance between the parallel 
arranged Cu target (purity: 99.995%) and substrates was 6.5cm. The base 
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pressure of the main chamber was evacuated down to 1.0×10-3 Pa. In order 
to avoid contamination on the surface of the substrates, these substrates 
were pre-irradiated by plasma for 15 minutes with a 30 watts bias RF power 
(60% of maximum bias RF power). The RF power added to the Cu target 
during the sputtering process was 120 watts. 
 
The adjusted sputtering parameter was the deposition duration in order to get 
Cu thin films with different thickness. The literature[21] reveals that the 
optimized temperature for CuO NWs growing on Si substrates is 400°C. 
Therefore, the designed growing temperature of CuO NWs on these 
substrates was 400°C in my work as well. The designed heating times were 
6hrs, 20hrs and 48hrs, respectively. Finally, these CuO NWs samples were 
cooled down in the furnace until they reached room temperature. 
 
5.2.3 The measurement of the properties for CuO NWs 
 
The phase structure of CuO NWs on silicon substrates was studied by X-ray 
diffraction (XRD) (Panalytical company, PERTPRO, working voltage: 40kV) 
using Cu Kα radiation. The structure of CuO NWs on silicon substrates was 
observed by scanning electron microscopy (SEM) (JSM6510). The thickness 
of the Cu thin films on silicon substrates was measured by SEM as well.  
 
The chemical state of both Cu and O on the surface of CuO NWs on silicon 
substrates was measured by XPS (Multilab 2000) using a Mg Kα radiation 
source. The X-ray spot size is 0μm. The spectra are recorded in the constant 
analyzer energy mode with pass energies of 100.0 eV and 25.0 eV for 
recording survey and high resolution spectra, respectively. Sample charging 
effects are eliminated by shifting the observed spectra so that the C1s binding 
energy value is 284.6eV. 
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The optical properties of CuO NWs on glass substrates were measured by 
UV-visible equipment (UV3600 SHIMADZU). The electrical properties of CuO 
NWs on glass substrates were measured at room temperature by Hall 
measurement equipment (HMS-3000, ECOPIA) and top electrodes were Cu 
metal deposited by RF magnetron sputtering. The sputtering parameters 
were the same to that of Cu thin films, except for the sputtering duration 
(60min). All samples had the same measured area (1cm×1cm). The 
measured current was 1μA. The magnetic field (B) in z-direction was 0.1T. 
The four Cu top electrodes were deposited at four corners of the square 
sample. 
 
Electrical properties of a single CuO NW (I-V characteristics, resistance and 
resistivity) were measured by a nano probe-station and the measurement 
diagram is shown in Fig.5.2.1. The four tips consisted of Tungsten metal (W). 
The measurement parameters are also shown in Fig.5.2.1. 
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Fig.5.2.1 The working mechanism of the nano-probe station. 
The I-V characteristics of CuO NWs on FTO and glass substrates were 
measured by a probe station. The diameter of the Cu electrode and distance 
between the two nearest Cu electrodes were 1mm and 1cm, respectively. 
Except for the Cu metal as top electrodes, silver paste (purity: 99.9%) bought 
from an Agar company was also used to top electrodes. The silver paste 
consisted of part A (bright silver, Epoxy) and part B (Gray silver, Hardener). 
Equal amounts of part A and part B were mixed before being used. The 
curing time was 15 minutes at 50°C. 
 
5.3Results 
 
5.3.1 Structure of CuO NWs 
 
The structure of different CuO NWs samples fabricated at different 
temperatures for 6 hrs is observed and their morphologies are shown in 
Fig.5.3.1 (a), (b) and (c). When the growing temperature is 350°C, NWs are 
not observed at all and only CuO films are observed. With the growing 
temperature increasing to 390°C, only a few of NWs are observed and the 
top film is porous, but when the growing temperature is further increased to 
400°C, NWs are observed. Therefore, the optimized growing temperature in 
my work is 400°C. 
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Fig.5.3.1 Structure of CuO NWs samples growing at different temperature for 
6hrs: (a)350°C; (b)390°C; (c)400°C. 
 
The structure of the CuO NWs samples are observed by SEM analysis and 
the results are shown in Fig.5.3.2 (a) and (b). It is known that NWs are not 
observed when the growing time at 400°C is 4hrs, but they are observed 
when the growing time is increased to 6hrs. Therefore, it is indicated that the 
minimum growing time is 6hrs in order to fabricate NWs samples. In addition, 
the cross-section SEM image (Fig.5.3.2 (a)) of the CuO NWs samples 
fabricated at 400°C for 4hrs shows that the film consists of two layers. 
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Fig.5.3.2 Structure of CuO NWs samples growing at 400°C for different 
heating times: (a)4hrs (cross-section); (b)6hrs. 
When CuO NWs samples are growing at 400°C, the density of the NWs 
depends on its growing time. Fig.5.3.3 illuminates the structure of CuO NWs 
samples growing for different lengths of time. The density of NWs increases 
when the heating time increases, and then decreases again when the 
heating time further increases to 72hrs. Therefore, the key parameters for 
NWs growing on Cu sheets are temperature and heating time and the 
optimized parameters for NWs growing are 400°C and >6hrs. 
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Fig.5.3.3 The SEM images of CuO nanowires growing on Cu sheets at 
400°C for different heating times: (a) 6hrs; (b) 16hrs; (c) 24hrs; (d) 72hrs. 
 
However, the NWs’ film is easy to peel off from Cu sheets and the cross-
section SEM image of the peeling off of NWs layer is shown in Fig.5.3.4. 
From this observation, it is known that the layer is composed of three parts---
-NWs, a top layer and a bottom layer. Therefore, in order to distinguish the 
three layers, it is necessary to investigate the phase structure of NWs 
growing on Cu sheets, and the result is shown in Fig.5.3.5 (a) and (b). The 
XRD data of NWs samples is normalized firstly. Several copper oxide 
compounds are detected in the CuO NWs samples. The main phases 
detected are Cu2O (PDF No. 78-2076), CuO (PDF No. 89-5898) and Cu8O 
(PDF No. 78-1588), as shown in Fig.5.3.5(a). The peak located at ~43° can 
be divided into three peaks, which indicates that there are three other 
phases, including Cu (PDF No. 04-0893), Cu64O (PDF No. 77-1898) and 
CuxO, as shown in Fig.5.5 (b). The splitting diffraction peak located at 43.5° 
cannot be identified. Therefore, it is a nonstoicheometric copper oxide 
compound and marked as CuxO. As a result, according to the above 
analysis, we can deduce that both NWs and the top layer are composed of 
CuO and the bottom layer is composed of Cu2O. 
 
 
(
a)
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Fig.5.3.4 Cross-section SEM image of CuO NWs on Cu sheets. 
 
 
 
Fig.5.3.5 XRD patterns of CuO nanowires: (a) growing on Cu sheets at 
400°C for 16hrs. 
 
The application of CuO NWs growing on Cu sheets on photovoltaic devices 
is limited because of its peeling off from Cu sheets. Therefore, in order to 
solve the problem, CuO NWs are designed to be grown on other substrates. 
According to the optimized parameters of CuO NWs growing on Cu sheets, 
the designed growing temperature and time are 400°C and ≥6hrs, 
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respectively. Therefore, a series of experiments are carried out in order to 
select suitable substrates for growing CuO NWs without it peeling off. Finally, 
we find CuO NWs can grow on FTO, Si, glass and Al doped ZnO thin film, 
except quartz substrates. Before growing CuO NWs on these substrates, Cu 
thin films must first be deposited on them. 
 
Fig.5.3.6 (a) and (b) show the structure of CuO NWs growing on Si 
substrates. The density of CuO NWs is significantly reduced after heating for 
20hrs, compared to when it is heating for 6hrs. The thickness of Cu thin films 
for CuO NWs growing is about 700nm. The phase structure of CuO NWs 
growing on glass substrates is detected by XRD. All the data are normalized 
firstly and XRD patterns are shown in Fig.5.3.7 (a) and (b). When CuO NWs 
grow on glass substrates for 6hrs, both CuO and Cu2O are detected, as 
shown in Fig.5.3.7 (a). However, the growing time is increased to 20hrs and 
only CuO phase is detected in the sample, as shown in Fig. 5.3.7(b). It is 
indicated that Cu2O is consumed during CuO NWs’s growing process. 
 
 
 
Fig.5.3.6 The SEM images of CuO nanowires growing on Si substrates at: 
(a) 400°C for 6hrs; (b) 400°C for 20hrs. 
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Fig.5.3.7 XRD patterns of CuO nanowires: (a) growing on glass 
substrates at 400°C for 6hrs; (b) growing on glass substrates at 400°C for 
20hrs. 
     
The Cu2p3/2 XPS spectra of CuO NWs growing on Si substrates are shown 
in Fig.5.3.8. There is the main peak and a satellite peak in the spectra. Both 
spectra have been normalized before getting the spectra. It has been 
demonstrated that CuO exists at the surface of the sample because of the 
satellite peak, which is the characteristic of CuO having a d9 configuration in 
the ground state[22, 23, 24, 25]. The broad Cu2p3/2 peak has been deconvoluted 
into two peaks. The peak located at 933.2eV is demonstrated to be Cu2+ in 
CuO[22, 24, 26], but another peak located at ~934.5eV is demonstrated to be 
(a) 
(b) 
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ionized Cu2+ as well[27, 28]. This indicates that two kinds of Cu2+ binding exists 
in CuO, that is, covalent Cu-O and ionized Cu2+. Furthermore, Cu+2p3/2 peak 
is not found in the spectra because of the binding energy of 932.2eV-
932.5eV for Cu2O bulk[22, 29, 30, 31]. On the other hand, the broad satellite peak 
has been deconvoluted into two peaks as well as arising from the d 
configuration in the ground state, corresponding to each deconvoluted 
Cu2p3/2 peak. As a result, we know that only Cu2+ ions exist on the surface 
of CuO NWs after XPS analysis, which indicates that the top structure is 
composed of CuO NWs and a CuO layer, as shown in Fig. 5.3.4. According 
to the above analysis, it is also proven that CuO NWs have been successfully 
fabricated on Cu sheets as well as on other substrates. 
         
945 940 935 930 925
 Binding Energy (eV)
Cu2p3/2
933.2eV
935.2eV
940.8eV943.4eV
 
950 945 940 935 930 925
 Binding Energy (eV)
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Fig.5.3.8 XPS analysis of CuO NWs growing on Si substrates: (a) 400°C, 
6hrs; (b)400°C, 20hrs. 
    
According to the above XRD analysis, with the exception of the CuO phase, 
other copper oxide compounds exist in CuO NWs samples, as shown in Fig. 
5.3.5 (a) and (b). Therefore, according to the XPS analysis, the bottom layer 
in the Fig.5.3.4 is composed of Cu2O. In addition, nonstoichiometric copper 
oxides detected by XRD are formed because of a lack of oxygen during the 
CuO NWs growing processing after a long time heating. The molar volumes 
of these copper oxides have a significant difference, as shown in Tab.5.1. 
The molar volume is increased by roughly 2200% from Cu2O to Cu64O and 
by roughly 400% from Cu2O to Cu8O. Furthermore, there will be a massive 
compressive stress. As a result, CuO NWs growing on Cu sheets can easily 
peel off from Cu sheets and the location of these nonstoichiometeric copper 
oxides is between the Cu2O layer and the Cu sheets. 
 
Tab.5.1 The molar volume of copper oxides (from a standard PDF card). 
Copper oxide Structure Molar Volume/ Å3 
Cu64O Orthorhombic 1669.40 
Cu8O Orthorhombic 307.56 
Cu2O Cubic 77.69 
CuO Monoclinic 81.16 
 
 
In general, NWs (or whiskers) growth mechanism is usually described by 
either vapour-solid (VS)[32] or vapour-liquid-solid (VLS)[33] theory. However, 
CuO NWs fabricated by thermal oxidation method cannot be explained by 
using these mechanisms. The reason for this is that only one solid state 
transfers to another solid state during CuO NWs’s growing process. In recent 
years, CuO NWs has been directly grown from CuO grains theory. Its growth 
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depending on Cu cation diffusion along with grain boundary (GB) theory at an 
immediate growing temperature[34, 35] are mentioned to describe its growing 
mechanism and the driving force of CuO NWs growing is compressive stress. 
Cu cations will be diffused to CuO NWs because of the compressive stress, 
and then, more Cu will be diffused from Cu sheets due to the concentration 
gradient. Therefore, Cu cations will continue to move from Cu sheets to the 
top of CuO NWs during NWs’s growing processing. Previous research[36] 
indicates that the thickness of Cu2O layers will keep on increasing as heating 
time increases; leading to a longer diffusion length of Cu cations from Cu 
sheets to the top of CuO NWs crossing Cu2O layer. As a result, more Cu 
cations will be accumulated relatively at the bottom of Cu2O layer. It is easy 
to form nonstoichiometric copper oxides at this position after a long time 
heating. 
       
However, the growth of CuO NWs on other substrates is relatively different 
from growing NWs on Cu sheets. The thickness of the Cu2O layer will 
increase during the growth of CuO NWs on sheets. On the contrary, Cu2O 
layers will decrease until it can no longer be detected during CuO NWs 
growing on other substrates after a long time heating, as shown in Fig.5.3.7. 
The reason for this is that Cu cations will diffuse from the Cu thin layer to the 
CuO NWs in the initial stage of CuO NWs growing. However, after the Cu 
thin film layer is consumed, the Cu2O layer will be totally converted to a CuO 
layer after its long period spent heating. 
 
5.3.2 Optical band gap of CuO nanowires 
 
CuO is an indirect semiconductor, so the relationship between the absorption 
coefficient (α) and the optical band gap is shown as follows: 
 
                                                   ߙ ∝ ൫݄߭ െ ܧ௚൯ଶ                               (5-1) 
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Where h is Planck’s constant, υ is the photon’s frequency and Eg is the 
optical band gap of CuO. The optical band gap of all CuO NWs growing on 
glass substrates at 400°C is measured. According to the equation (5-1), the 
optical band gap of CuO NWs is shown in Fig.5.3.9. As the heating time is 
increased from 6hrs to 48hrs, the optical band gap is increased slightly as 
well from 1.34eV to 1.38eV. This indicates that the heating time during the 
CuO NWs’s growing process slightly affects the optical band gap of CuO 
NWs. 
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Fig.5.3.9 Optical band gap of CuO NWs growing on glass substrates at 
400°C. 
   
5.3.3 The electrical properties of a single CuO nanowire 
 
In order to know the electrical properties of CuO NWs, it is first necessary to 
investigate the electrical properties of a single CuO NW. The I-V 
characteristics of a single CuO NW with gold electrodes have been studied 
by using conductive atomic force microsopy18. However, neither the 
resistivity of a single NW nor the relationship between resistivity and its size 
has been systematically studied. The contact behaviour between the CuO 
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single NW and both the tungsten (W) tips and gold (Au) stage are Schottky, 
as shown in Fig.5.3.10(a), (b) and (c). The work function of p-type CuO 
(5.2~5.3eV[37, 38]) is higher than that of either W (4.55eV[39]) or Au (5.1eV[39]). 
Therefore, the barrier will be formed between a single CuO NW and either W 
or Au metal, leading to Schottky contact behaviour.  
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Fig.5.3.10 I-V curves properties of a single CuO NW with different metals: 
(a) contact between W tips and a CuO NW; (b) contact between Au tips and 
a CuO NW; (c) I-V curve between the NW and metals (W and Au).  
 
In order to precisely measure the resistivity of a single CuO NW, it is 
necessary to investigate the effect of collecting data on the measurement 
results, shown in Fig.5.3.11(a)~(d). As a result, it is clear that the width of 
(c) 
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loops decreases with more data collection and with the smaller separation of 
tips, shown in Fig. 5.3.11 (c) and (d). As the measured length of a single NW 
decreases, Schottky behaviour becomes more obvious.       
 
 
 
 
Fig.5.3.11 I-V curves of CuO nanowires: (c) measured under longer 
separated tips, corresponding to (a); (d) measured under smaller separated 
tips, corresponding to (b). 
 
Chapter 5: Fabrication and properties of CuO Nanowires 
186 
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Fig.5.3.12 The resistance measurement mechanism of a single CuO 
nanowire with different lengths and diameters of nanowires: (a) and (b) 
1668nm, 49.5nm; (c) and (d) 1537.86nm, 200nm; (e) and (f) 1384nm, 
100nm; (g) and (h) 86.24nm, 60.55nm. 
 
The resistance and resistivity of a single CuO NW are measured, as shown 
in Fig.5.3.12 and Tab.5.2. On one hand, when the length of the NW is kept in 
the range from 1500nm to 1700nm, the measured resistance is kept on the 
order of 1010Ω, even though the diameter increases from 49.5nm to 200nm. 
When the length of the single NW is changed from 1384nm to 86.24nm, the 
resistance is still kept on the order of 108Ω. Therefore, the resistance of a 
CuO NW is sensitive to its diameter. On the other hand, when the diameter of 
a single CuO NW is increased from 50 nm to 200 nm, the resistivity of the 
NW is changed from 102Ω·cm to 104 Ω·cm. Therefore, the resistivity of a 
single CuO NW is sensitive to its diameter.  
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Tab.5.2 The resistance and resistivity of a CuO single NW. 
Length/nm Diameter/nm Resistance/Ω Resistivity/Ω·cm 
1668 49.5 1.73E+10 1.996E+3 
1537.86 200 1.213E+10 2.480E+4 
1384 100 8.47E+8 4.807E+2 
86.24 60.55 1.84E+8 6.144E+2 
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Fig.5.3.13 The relationship between the resistivity of a single CuO NW and 
its diameter. 
 
Fig.5.3.13 shows the relationship between the resistivity of a single CuO NW 
and its diameter. With the diameter increasing, the resistivity of a single CuO 
NW decreases firstly and then increases to the minimum value. Then, with 
the diameter of a single CuO NW further increasing, its resistivity increases. 
 
The electrical resistivity of a nanowire can be described by the following two 
models: Fuchs-Soudheimer model[40] and Mayadas-Shatzkes model[41]. In the 
Fuchs-Soudheimer model, the resistivity of a single CuO NW can be 
expressed as[40]: 
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where ρs and ρ0 are the resistivity of a single CuO NW and the CuO bulk 
materials, respectively.  p is the reflection coefficient at the surface of NW; ܮ 
is the mean free path of conduction electrons in bulk materials (around 50nm 
for CuO bulk materials[42]); D is the diameter of the NW. When the diameter 
of NW is comparable or smaller than the mean free path of conduction 
electrons, the surface scattering mechanism of conduction electrons is 
dominant on the resistivity of a single NW. Consequently, the resistivity of a 
single CuO NW decreases as the diameter of the NW increases. 
 
In the Mayhadas-Shatzkes model, the resistivity of a single CuO NW can be 
expressed as[41]: 
 
                              
ఘబ
ఘಸ ൌ 1 െ
ଷ
ଶ ܵ ൅ 3ܵଶ െ 3ܵଷ݈݊ ቀ1 ൅
ଵ
ௌቁ                    (5-3) 
 
where ρG is the resistivity of a single CuO NW under the Mayhadas-Shatzkes 
model. S is expressed as[41]: 
 
                                                     ܵ ൌ ௅஽೒ ∙
௥್
ଵି௥್                                     (5-4) 
 
where Dg is the distance of grain boundary in the radial direction, rb is the 
grain boundary reflection coefficient.  
 
When the diameter of the NW is far more than the mean free path of 
conduction electrons in the bulk materials, the grain boundary scattering 
mechanism is dominant on a single NW. With the distance of grain boundary 
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in the radial direction increasing, the grain boundary scattering will be 
enhanced, and furthermore the resistivity increases as well[43]. Research[36] 
indicates that the twin grain boundary exists along the axial direction of a 
single CuO NW, as shown in Fig.5.3.14.  Therefore, grain boundary 
scattering also contributes to the resistivity of a CuO NW. With the diameter 
of a single CuO NW increasing, the distance of grain boundary in the radial 
direction increases, and thereby the resistivity of a single CuO NW increases 
as well.  
 
 
 
Fig.5.3.14 A bright-field TEM image of a single NW[36]. 
 
According to Fig.5.3.13, it is known that the critical diameter is 80nm. When 
the diameter is smaller than this, the surface scattering mechanism is 
dominant; when higher, the grain boundary scattering mechanism is 
dominant. 
 
5.3.4 Electrical properties of CuO NWs  
 
Fig.5.3.15 shows the current-voltage (I-V) characteristics of the contact 
between CuO NWs and Ag electrodes. Ag electrodes are prepared by 
sticking silver paste on the top of CuO NWs with the CuO NWs growing on 
Cu sheets at 400°C for 6hrs. The contact behaviour of the CuO NWs growing 
on Cu sheets with silver top electrodes is Schottky. The work function of Ag 
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is 4.74eV[44], lower than that of CuO. As a result, when the majority of carriers 
(hole) in the CuO transfer to the metal side, they must overcome a barrier 
between CuO and Ag. According to the rectify theory of the contact between 
a metal and a semiconductor, the I-V characteristics of Ag-CuONWs is 
Schottky. Therefore, the CuONWs on the Cu sheet samples can be used to 
fabricate metal-semiconductor devices. 
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Fig. 5.3.15 I-V measurement of CuO nanowires: Cu/Cu NWs/silver paste.  
  
The electrical properties of the CuO NWs growing on glass substrates at 
400°C for different heating times is measured by the Hall measurement 
equipment and the result is shown in Tab.5.3. For the CuO NWs samples 
growing from 6hrs to 48hrs, the error of carrier concentration is ±30%, ±50% 
and ±2% of the average, respectively. The error of mobility data of all CuO 
NWs samples is the same (±50% of average) and the error of resistivity data 
of them is ±2% of average. When the CuO NWs growing time is 6hrs, the 
Cu2O layer exists in the CuO NWs samples. Therefore, the presence of more 
defects at the interface decreases the carrier concentration of the CuO NWs 
samples. With the heating time increasing, the Cu2O layer is consumed and 
the Cu2O-CuO interface  disappears. Therefore, its carrier concentration 
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increases. As the CuO growing time increases, the resistivity of CuO NWs on 
glass substrates decreases. With the heating time increasing, the diameter of 
a single CuO NW decreases and the resistivity is decreased as well.  
 
Tab.5.3 Hall measurement of CuO NWs on glass substrates. 
Samples 
Carrier  concentration
/cm-3 
Mobility 
/cm2·V-1·s-1 
Resistivity 
/Ω·cm 
CuO NWs, 6hrs 1.006E+15 4.000E+0 1.551E+3 
CuO NWs, 20hrs 4.023E+17 6.083E-1 2.551E+1 
CuO NWs, 48hrs 2.771E+17 3.120E-1 7.218E+1 
 
 
5.3.5 The FTO/CuO NWs/PCBM/E/FTO solar cell 
 
The solar cell based on CuO NWs-PCBM p-n junction is fabricated on the 
FTO substrate and the structure is shown in Fig.5.3.16. The Cu metal thin 
film is deposited on a FTO substrate and then CuO NWs is fabricated on the 
FTO substrate at 400°C for 20hrs in air. Thereafter, the PCBM (Phenyl-C61-
butyric acid methyl ester) thin film is deposited on the CuO NWs by using a 
spin coating method. The thickness of the PCBM thin film is estimated as 
100nm. When the deposition process of the PCBM thin film is completed, it is 
annealed in the furnace at 80°C for 30 minutes under an N2 atmosphere. In 
addition, the structure of CuO NWs is composed of CuO thin films and CuO 
NWs. Therefore, the practical structure of the PV cell is FTO/CuO thin 
films/CuO NWs/PCBM. 
 
The Current-Voltage (I-V) characteristics of the CuO-PCBM p-n junction with 
electrolyte as the top electrode is measured and shows good rectify 
performance under dark conditions, as shown in Fig.5.3.17(a). The I-V 
performance under illuminated conditions with simulation of sun light (AM 
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1.5G) is measured. The results of the short circuit current (Isc), the open 
voltage (Voc) and fill factor (FF) are 0.07μm, 0.1V and 23.4%, respectively, as 
shown in Fig.5.3.17(b). The short circuit current of the PV cell is so small that 
its solar efficiency cannot be obtained. However, the measurement still 
suggests that the CuO-PCBM based PV cell is correct and can be fabricated. 
Therefore, the next step in the study is to improve its properties in order to 
achieve high efficiency. 
 
Fig.5.3.16 The structure of  a CuONWs: PCBM solar cell on the FTO 
substrate. 
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Fig.5.3.17 PV cells based on FTO/CuONWs/PCBM/electrolyte/FTO structure: 
(a) I-V characteristics under dark conditions; (b) I-V characteristics under 
illuminated conditions. 
 
In the PV cell, the p-type CuO is the absorber layer. The carrier concentration 
of the CuO NWs sample on glass substrates fabricated at 400°C for 20 hrs is 
1017cm-3. Therefore, the depletion region of the p-n junction is on both sides. 
Furthermore, the carriers on the p-type absorb layer can be excited under the 
illumination of simulated sun light and transported to another side. This is the 
reason that Isc, Voc and FF of the PV cell can be obtained, in small amounts. 
The band structure of the p-n junction is shown in Fig.5.3.18. 
 
 
 
(b) 
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Fig.5.3.18 Schematic diagram of (a) individual band structures of CuO 
and PCBM; (b) band structure of CuO-PCBM p-n junction Ec1: conduction 
band edge of CuO, Ev1: valence band edge of CuO, Ei1: intrinsic Fermi level 
of CuO, EF1: Fermi level of CuO, Eg1: band gap of CuO, Ec2: conduction band 
edge of PCBM, Ev2: valence band edge of PCBM, Ei2: intrinsic Fermi level of 
PCBM, EF2: Fermi level of PCBM, EF: Fermi level of p-n junction, Eg2: band 
gap of PCBM, qϕm1: the work function of CuO, qϕm2: the work function of 
PCBM. 
 
 
 
 
 
 
5.4 Conclusion 
 
(1) CuO NWs are successfully fabricated on Cu sheets by a thermal 
oxidation method in air. In order to grow CuO NWs, the heating parameters 
should meet the following requirements: temperature: ≥400°C and heating 
time: ≥6hrs. When CuO NWs are grown at 400°C, the relationship between 
the density of the CuO NWs and the heating time obeys the parabolic law.  
 
(2) The structure of the CuO NWs is composed of CuO NWs, a CuO top 
layer and a Cu2O layer. The peeling-off of the CuO NWs layer from the Cu 
sheets results from the formation of Cu8O and Cu64O, etc.  
 
(3) CuO NWs can be successfully fabricated on the following substrates: 
FTO, Si, glass and Al doped ZnO thin film, through directing the heating of 
the Cu thin films deposited on them. Their growing parameters are the same 
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as those of the CuO NWs on the Cu sheets. As the heating time increases, 
the Cu2O layer in the structure of the CuO NWs will be continuously 
consumed. According to the XRD analysis, the structure of CuO NWs on 
these substrates is composed of CuO NWs and a CuO thin film layer after a 
long period of heating. 
 
(4) The optical band gap of the CuO NWs grown on glass substrates are in 
the range between 1.4eV and 1.8eV. The electrical properties of a single 
CuO NW were measured. The contact behaviour of a CuO NW and metal 
electrodes (Au and W) is Schottky. The relationship of the resistivity of a CuO 
NW and its diameters obeys the anti-parabolic law. The mechanism of the 
resistivity of a single CuO NW is described as surface scattering and grain 
boundary scattering.  
 
(5) The contact between the CuO NWs and Ag electrodes (silver paste) is 
Schottky. Therefore, it can be used to fabricate the metal-semiconductor 
diodes. The carrier concentration of the CuO NWs growing on glass 
substrates varies in the range between 1015cm-3and 1017cm-3 with the heating 
time increasing from 6hrs to 48hrs. 
 
(6) The p-n junction of CuO NWs-PCBM shows good rectifing performance 
and the Isc, Voc and FF are 0.07μA, 0.1V and 23.4%, respectively. Therefore, 
the p-n junction can be used to fabricate PV cells. 
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Chapter 6 Fabrication and characterization 
of copper oxide thin films 
 
6.1 CuO thin films 
      
 In recent years, CuO has received heightened attention due to its electrical 
and optical properties, [1,2,3]low cost and nontoxicity; which has led to a 
diverse range of potential applications such as gas sensors[4], catalysis[5], 
field emission displays[7], and photovoltaic cells[8,9]. Previous work[4, 5, 10, 11, 12] 
on CuO mostly focused on its catalytic and gas sensitive properties, but 
recently photovoltaic cells based on CuO have received greater attention due 
to its excellent photovoltaic properties[9, 13], and relatively simple fabrication 
method[14, 15].  
 
The band gap of CuO is close to that of Si[16] and GaAs[17], matching the solar 
spectrum more closely and, subsequently, the achievable solar conversion 
efficiency could reach up to 33% for a single junction solar cells with a band 
gap close to 1.4eV[18]. As a consequence of such advantages, CuO is one of 
the most promising candidates[19] to replace Si. CuO thin films were 
fabricated through methods such as the RF magnetron sputter technique,[20] 
wet chemical synthesis[21], thermal evaporation[13] and sol-gel[22].  In direct 
comparison with these fabricated methods, RF magnetron sputter technique 
offers a method with excemplary prospects because of its inherent 
advantages as a low-cost methodology that provides easy control for thin 
films growth, while also being suitable for large-scale thin films deposition.  
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6.2 Experimental details 
 
6.2.1 Copper oxide thin films deposited by RF 
reactive magnetron sputtering without a bias power 
 
CuO thin films were deposited on silicon and glass substrates at room 
temperature through RF reactive magnetron sputtering technology. Before 
sputtering processing, it is imperative silicon and glass substrates are 
sequentially cleaned by acetone, IPA and deionized water in an ultrasonic 
bath. The distance between the parallel arranged Cu target (purity: 
99.995wt.%) and substrates was 6.5cm. The base pressure of the main 
chamber was evacuated down to 1.07×10-3 Pa and, in order to avoid 
contamination on substrates surface, these substrates were pre-irradiated by 
plasma for 10mins with 30 Watt substrate bias power.  
 
The deposition duration was 180 min while sputtering at lower O2 fraction 
with 120 Watt RF power, and 1200 min while sputtering at a higher O2 faction 
with 90 Watt RF power. In conjunction, substrates were rotated at 20rpm 
during deposition to obtain uniform thin films. The mixed gas flow rates 
(Ar/O2) were 20sccm/3sccm, 20sccm/8sccm, 20sccm/10sccm, 
20sccm/14sccm, 20sccm/18sccm; therefore, O2 fraction (O2/(O2+Ar)) was in 
the range from 13.04% to 47.47%. Thereafter, in order to further increase O2 
fraction, the maximum oxygen flow rate was kept at 20sccm and the argon 
flow rate was reduced continuously from 15sccm to 6sccm. Therefore, O2 
fraction (O2/(O2+Ar)) was in the range from 57.14% to 76.92%. Throughout 
all the reactive sputtering processes, the bias power was always maintained 
at 0. 
 
Chapter 6: Fabrication and characterization of copper oxide thin films 
204 
 
6.2.2 Copper oxide thin films deposited by RF reactive 
magnetron sputtering with a bias power 
 
On the other hand, copper oxides thin films were deposited on substrates (Si, 
glass, and Al doped ZnO thin films) by a process of RF reactive magnetron 
sputtering, with bias power at room temperature. In our sputtering system, 
the max bias power was 50watt. As a result, the applied bias power was 
20watts in the work of this paper. The designed Ar/O2 flow was 20sccm and 
18sccm during the deposition process, respectively. The RF power added on 
Cu target (purity: 99.995%) was 90watt, while the deposition duration stood 
at 1200min. When the oxygen flow was 20sccm, the deposition duration 
increased to 1440min. After completing the deposition, the deposited copper 
oxide thin films were annealed in the furnace, in air. The annealing 
temperatures were 250°C, 350°C and 400°C, respectively; while the 
annealing times were 4 and 9 hours.  
 
6.2.3 Properties measurement for copper oxide thin films 
 
The phase and crystalline structure of the thin films that were deposited by 
sputter were studied by X-ray diffraction (XRD) (Panalytical company, 
PERTPRO, working voltage: 40kV), using Cu Kα radiation. The surface 
morphology of the deposited thin films was observed by scanning electron 
microscopy (SEM) (JSM6510). Contemporaneously, the thickness of thin 
films was also measured through a process of SEM. The elemental 
compositions of these deposited thin films were measured by EDS (INCA, 
Oxford Instruments), and subsequently attached onto the SEM. 
 
The observation of high resolution transmittance electron microscopy 
(HTEM) was carried out by through the TEM technique (Philips CM 200, 
200kV), attached with electron energy loss spectra (EELS). The TEM 
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specimens were fabricated by the focused ion beams (FIBs) technique (FEI 
Nova 200 dual beam FIB fitted with Kleindiek micromanipulator for in situ lift 
out). 
 
The chemical state of the surface elements (Cu and O) of these deposited 
thin films on silicon substrates was measured by XPS (Multilab 2000) using a 
Mg Kα radiation source. The X-ray spot size was 0μm. The spectra were 
recorded in the constant analyzer energy mode with pass energies of 100.0 
eV and 25.0 eV for both recording survey and high resolution spectra. 
Sample charging effects were eliminated by shifting the observed spectra, so 
that the C1s binding energy value was 284.6eV. The Auger parameter of Cu 
was calculated through the addition of the binding energy of photoelectrons 
for Cu 2p3/2 and the kinetic energy of Auger electrons for Cu L3VV. 
 
The optical properties of these deposited copper oxide thin films on glass 
substrates were measured by UV-visible equipment (UV3600 SHIMADZU). 
The electrical properties (carrier concentration, hall mobility and resistivity) of 
these thin films on glass substrates were measured by Hall equipment (HMS 
3000, ECOPIA). All samples had the same measured area (1cm×1cm). For 
the thin films with lower resistivity, the measured current was adjusted to 
10μA; otherwise, it was 100 ~ 500nA. The magnetic field (B) in z-direction 
was 0.1T. The four Cu top electrodes were deposited at four corners of the 
square sample. A probe station measured the I-V characteristics, and the 
schematic diagram is illustrated in Fig.6.2.1.  
 
 
1
2
3
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Fig.6.2.1 The schematic diagram of I-V measurement: 1. Substrate: glass; 2. 
CuO thin film; 3. Cu top electrodes. 
 
In the electrical properties measurement process, Cu metal electrodes were 
deposited by RF magnetron sputtering technology. The RF power was 120 
Watt and the deposition duration was 60 minutes. After the deposition, these 
samples were put in the chamber for another 60 minutes until the substrates 
temperature cooled down to room temperature, to prevent metal electrodes 
from oxidizing.  
 
6.3 Results 
 
6.3.1 Structure of copper oxide thin films deposited by RF 
sputtering without a bias power 
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Fig.6.3.1 (a) Typical XRD patterns from CuO thin films deposited at different 
O2% in sputtering gas. (b) Enlarged view to show corresponding peak shift. 
                                          
Typical XRD patterns for copper oxide films deposited with different Ar/O2 
flow fractions are shown in Fig. 6.3.1(a), wherein the standard XRD powder 
patterns for both CuO (PDF No. 80-0076) and Cu2O (PDF No. 77-0199) are 
shown in the lower panels. For all samples deposited with the sputtering gas 
containing more than 45% oxygen, only one peak corresponding to the CuO 
(002) peak is present in the XRD patterns.  Referring to the standard powder 
CuO pattern, one can sees that such dramatic enhancement in one 
diffraction peak is apparently attributed to the formation of fibrous texture in 
the thin films. In the sample deposited with lower percentages of O2 
sputtering gas, one notices the presence of an additional CuO (110) peak to 
the left of the major one. There are also two additional minor peaks at 13.0° 
and 37.6°.  None of these peaks can be attributed to either CuO or Cu2O as 
they are more than 1o off the standard peak positions. Within an error of 0.5, 
these minor peaks can be assigned to the Cu64O phase (PDF No. 77-1898, 
end-centred orthorhombic lattice), as (111) and (026) peaks (13.5° and 
37.3°), respectively.  
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It is interesting to note that the main peak in the low-oxygen film was shifted 
to a slightly higher angle corresponding to the (-111) CuO peak position 
instead, Fig. 6.3.1(b). One notes also that the main peak in the low-oxygen 
film is widened considerably, indicating finer gain sizes.  
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Fig.6.3.2 EDS analysis of CuO thin films: O content under different O2 
fraction. 
      
The compositions of oxide films were determined by areal EDX analysis 
under SEM, using experimentally calibrated Cliff-Lorimar factors. Fig. 6.3.2 
shows the resultant oxygen contents against Oxygen fraction in the 
sputtering gas. The error bars in the figure were derived from repeated 
measurements under the same experimental condition, which is reasonably 
good for quantifying samples containing light gaseous species such as 
oxygen. The correlation between film composition and oxygen level in 
sputtering gas can be divided into three regions. In region I, the film oxygen 
content was lower than 50% and the resultant oxygen content in the films 
was not sensitive to O2 level in the sputtering gas. When the O2 level in 
sputtering gas was higher than 30%, O content in the films began to increase 
sharply and film compositions met a plateau of region II, where the oxygen 
contents in the films were about the ideal stoichiometry of CuO. When the O2 
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level in the sputtering gas was more than 60%, the oxygen content in the 
films began to increase further.   
 
From Fig. 6.3.2, one can see that low O2 levels in the sputtering gas led to 
lower oxygen content in the films in region I, though even in this region the 
CuO phase was still the dominant phase with the strongest peak albeit the 
major peak being shifted to ሺ1ത11ሻ instead. The presence of the (110) CuO 
peak, which is rather weak in the standard powder pattern, in the film with 
lowest oxygen content, was also attributed to preferred orientation. The co-
existence of more than one preferred CuO orientation is seen to be 
associated with the presence of some Cu64O phase, in particular some 
evidence of  Cu64O (111) peak was detected in this low-oxygen sample. It is 
not shocking that in samples of higher oxygen content (Regions II and III), 
only CuO was present in the films, which is consistent with the Cu-O phase 
diagram wherein CuO is the phase in direct equilibrium with oxygen and 
Cu2O exist between Cu and CuO when the oxygen concentration in the 
material is lower than 50%. The widened composition range in the films 
contain only CuO could be attributed to the far-from-equilibrium processing 
condition during sputter deposition, when the substrates were subjected to no 
additional heating except for heating due to the dissipation of energies in the 
condensed ions in the film. In the steady state of the coating processes in 
this work, the film temperature was estimated to be under 250oC, which was 
too low to facilitate full equilibrium.    
  
Oxygen content was shown to induce some slight peak shift in the main CuO 
peak. Fig. 6.3.1(b) shows that the position of this main peak in the XRD 
patterns was slightly shifted to lower diffraction angles with increasing oxygen 
content.  Consulting the standard powder diffraction pattern of CuO, one can 
see that the position of the major peak in samples of higher oxygen contents 
correspond to the (002) peak (2: 35.378° v.s. PDF card value of 35.385°). 
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The peak position in the low oxygen samples is closer to that of the ሺ1ത11ሻ 
CuO peak (35.55° v.s. 35.539°). As oxygen atoms exist in the interstitial sites 
in the lattice of the metal atoms, one may argue that lower oxygen causes 
some lattice contraction. This is however in contrast with the constant peak 
positions in samples in the regions II and III. It is thus more likely that the 
observed shift was due to the different orientation preference in the low and 
high oxygen films, with ሺ1ത11ሻ for the former and (002) for the latter. 
 
Cross section electron microscopy showed that being independent to the 
substrate materials, all oxide films in this work demonstrated columnar crystal 
morphology. The same characteristically remarkable enhancement in the 
CuO (002)/ሺ1ത11ሻ was observed in films deposited on various substrates such 
as glass slides, single crystal silicon wafer, and glass slides coated with other 
oxide films such as SnO2, TiO2 and ZnO. Fig. 6.3.3 shows typical columnar 
structures for CuO films deposited on Si (with its surface being covered by a 
thin layer of amorphous silica about 2nm in thickness). In spite of rather 
different oxygen percentages in the sputtering gas, both films exhibit similar 
columnar structural features. The formation of columnar structure resulted in 
formation of fibrous textures in the oxide films, thus leading to the diffraction 
patterns dominated by one major peak and the disappearance of the other 
peaks. Such columnar structure across the film thickness is considered 
advantageous for photovoltaic devices, through the avoidance of grain 
boundary scavenging of photo-induced electron and holes.  
 
High-resolution electron microscopy (HREM) was carried out to investigate 
the fine structures of the materials. Fig. 6.3.4 shows a HREM image taken at 
the ሾ1ത1ത0ሿ zone axis of the CuO crystal in the film deposited at a low O2 
percentage in the sputtering gas (13%). The inset is the corresponding fast-
Fourier-transfer image, showing diffraction spots contributing to the HREM 
image. The direction of the film normal is shown as a nearly horizontal arrow, 
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which corresponds to the normal direction of the CuO ሺ1ത11ሻ plane. This is 
consistent with the XRD results that the ሺ1ത11ሻ  is the major peak in the X-ray 
diffraction pattern of the CuO films with lower O2 contents in the sputtering 
gas.  
 
The chemical states of Cu were studied using electron energy loss 
spectroscopy (EELS). Fig. 6.3.5 show representative results from low O2 and 
high O2 films. The overall characteristics of the Cu L edge in the films were 
defined by EELS spectra from an area of 200nm in diameter, and spot 
collections corresponded to slit apertures about 20nm in diameter, as shown 
in the corresponding analysis regions in Fig. 6.3.3. It is seen from Fig. 6.3.5(a) 
that the overall Cu L edge is representative of that from spot 1, which is 
nearly the same as standard Cu L edge from CuO (consisting a major peak 
and a minor shoulder on its right). Radically different spectrum such as that 
from spot 2 were observed occasionally, which is attributed to the existence 
of the high Cu phase Cu64O. The fact that the overall feature of the Cu L 
edge is dictated by that of the CuO phase is consistent from the XRD results 
wherein only trivial evidence for the presence of Cu64O was detected. 
 
Fig. 6.3.5(b) shows the L edge spectra from a high O2 sample. The overall L 
edge is represented by those from each columnar grain of CuO. Interestingly, 
we found that the L edge from spots containing columnar boundaries is 
slightly different, with the secondary should slightly enhance like that from the 
low O2 sample. It is worth noticing that such enhancement in the peak at the 
minor shoulder is related to the local enrichment of Cu, so that in an extreme 
case, the peak intensities in the Cu L edge was swopped in that from the 
Cu64O phase (Fig. 6.3.5(a)). 
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Fig.6.3.3 Typical cross-section TEM images of CuO thin films: (a) 13% O2 in 
sputtering gas; (b) 77% O2 in sputtering gas. 
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Fig6.3.4 The HRTEM image of the 13% O2 sample. 
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Fig. 6.3.5 EELS Cu L-edge from CuO thin films: (a) 13% O2 in sputtering gas; 
(b) 77% O2 in sputtering gas. Corresponding spot positions are shown in Fig. 
6.3.3 (a) and (b). Each spot size is 20 nm in diameter and the background 
size is 200nm in diameter. 
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Fig.6.3.6 Cu2p spectra of CuO thin films deposited by sputtering, shown 
against oxygen content in the sputtering gas balanced with Ar. Thespectra 
from a standard CuO sample is shown for comparison. 
 
Cu2p XPS spectra of different CuO thin films are displayed in Fig.6.3.6, with 
each showing the fingerprint features of characteristic binding peaks and 
associated satellite ones for the CuO oxide. It is noted that each spectrum is 
nearly the same as that from the pristine CuO powder, which suggests that 
the monoclinic CuO phase dictates the microstructures of all of the thin films 
deposited at different levels of O2 in the sputtering gases. The presence of a 
series of satellite peaks is characteristic of CuO that have a d9 configuration 
in the ground state[23, 24, 25, 26]. Furthermore, the energetic difference (∆E) 
between the ECu2p3/2 and ECu2p1/2 peaks is 20eV±0.1eV, is in good agreement 
with literature data. 
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Fine details in the high-resolution Cu 2p3/2 peak and neibouring satellites for 
representative CuO films are demonstrated with peak deconvolution in 
Fig.6.3.7.  Starting from the standard spectrum from the prestine CuO 
powder, both the binding and satellites were fitted into 2 peaks. The peak 
position at 933.4eV is attributed to the covalent part of Cu2+ binding in the 
CuO phase[23, 25, 27], and the other peak at 934.9eV is owing to the ionic part 
for Cu2+ binding[26, 28].  This is in excellent agreement with well-documented 
literature that there exsit two kinds of Cu2+ binding in prestine CuO. The 
reported percentage of covalent Cu-O is 52%, and the rest is due to ionic 
contribution.  It is reasonable that the broad satellite peak nest to the binding 
peak is also attributed to two peaks, due its association with different types of 
Cu-O binding, which results from the d9 characteristics for CuO binding 
wherein Cu contribute a d electron from the complete d-shell for d-p 
hybridisation with O orbitals. On the other hand, all the d electrons for Cu the 
cuprous oxide (Cu2O) remains in the complete d shell and behave like 
pseudo-core electrons, leaving Cu-O binding solely to the s electrons from 
Cu, thus leading to a simpler XPS spectrum without any satellites. The 
reported Cu+ 2p3/2 peak lies in the range 932.2 – 932.5eV[23, 29, 30, 31], which is 
apparently not present in Fig. 6.3.7(a).  
 
When CuO thin films are deposited with low oxygen fraction in the sputtering 
gas, one notes that an extra minor peak can be distinguished in the Cu 2p3/2 
peak, e.g. Fig.6.3.7 (b) and (c) for oxygen fraction of 13% and 33% 
respectively. The extra peak at 932.5 or 932.6eV lies in the range for Cu with 
lower valency, from Cu+ to Cu0[29, 30, 31]. It is therefore impossible to 
distinguish the valence states for any high Cu oxides with valency between 
+1 and 0, because the binding energies are very close and are different by 
only within 0.1eV[23]. It is therefore useful to consult the information due to 
Auger transition.  It was reported that the position of the L3VV Auger 
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transition in XPS spectra are 569.6eV and 571.9eV for Cu+ and Cu0 
respectively[32]. Fig. 6.3.8(a) shows the L3VV Auger spectra of CuO thin films 
deposited with different oxygen fractions in sputtering gases. It is apparent 
that there is no noticeable evidence for Cu0 (expected at 571.9 eV), and the 
secondary shoulder in the right (932.5 eV) cannot offer decisive insight, as it 
is present even in the spectrum from the pristine CuO phase. Therefore, a 
self consistent conclusion can only be drawn with the consideration of the 
XRD and TEM/EELS results, such that the high copper oxide is attributed to 
the Cu64O phase. It is worth emphasising that only minor amount of such a 
high copper phase was present in thin film deposited with less than 40% O2 
in the sputtering gas (Region I in Fig.6.3.2). The low valence Cu for high 
copper oxide completely disappear when the Oxygen fraction was over 40% 
in the sputtering gas, and a compositional plateau was maintained at the 
about the CuO stoichiometry with Oxygen fraction between 45% and 60% in 
the sputtering gas. Positive deviation from the ideal stoichiometry in oxygen 
content in the thin film occurred when oxygen fraction was more than 60% in 
the sputtering gas. Also, no evident change has been observed in the 
valence band of all CuO films of this work. The typical valance band 
spectrum of CuO thin films is shown in Fig. 6.3.8(b), showing an edge being 
exactly at the instrumental Fermi level. This is typical for p-type 
semiconductors, for which no states exist above the Fermi level. Overall, 
CuO phase dominates the microstructures of all sputter deposited films of 
this work, and all CuO films are of p-type conductivity. 
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Fig. 6.3.7 Peak de-convolution for Cu2p and corresponding O 1speaks in 
different films: (a) Pure CuO powder; (b) 13% O2 in gas; (c) 33%O2 in gas:; 
(d) 47% O2 in gas; (e) 77% O2 in gas.  
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Fig. 6.3.8 (a) AES of Cu3LVV in different CuO thin films, (b) Typical 
valance band of CuO films. 
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Fig.6.3.9  Examples for peak de-convolution of O1s  in: (a) Pure CuO 
powder; (b) 13% O2 in sputtering gas; (c) 47% O2 in sputtering gas; (d) 77% 
O2 in sputtering  gas. 
 
The high-resolution O 1s peaks from some CuO thin films are compared with 
the standard peak from the pristine CuO powder, Fig. 6.3.9. The spectrum 
from the CuO powder is in excellent agreement with literature data[23], and 
this broad peak could be fitted into three peaks located at 592.6, 531.3 and 
533.0eV. The main peak with the lowest binding energy is attributed to Cu2+ 
bonding, and according to Ref. [23], the minor peak at the highest energy of 
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533.0eV corresponds to surficial hydroxide or chemisorbed oxygen. The 
shoulder peak between them is attributed to defective oxygen in the bulk 
material. It is interesting to note that these three peaks are present in all of 
the sputter deposited CuO films, with the defective and surficial oxygen 
peaks significantly enhanced with respect to those for the pristine power.  
 
Also, the film deposited with a low oxygen sputtering gas (Fig.6.3.9(b)) 
demonstrated an additional peak between the main and defective oxygen 
peaks, with binding energy at 530eV. This is consistent with XRD and 
TEM/EELS analysis that a high copper oxide existed in such films. On the 
other hand, in the film with the highest oxygen sputtering gas, a fourth peak 
appeared at the highest energy of 534.3eV, which is 5.1eV above the binding 
energy for the main peak. Such a high-energy shift indicates the presence of 
physically absorbed gaseous oxygen on the film surface.  
 
Overall, one can see from the present results that sputtering deposition leads 
to significantly enhanced defective and surficial oxygen to the CuO films. This 
is reasonable due to the fact that RF magnetron sputtering is known to 
synthesise materials at the non-equilibrium condition, wherein the films are 
bombarded by energetic depositing ions under limited diffusion during 
condensation of plasma ions. The highly clean surface from such a physical 
process also offers favourable sites surface contamination from the 
environment. This was confirmed by short time of in situ ion etching within 
the XPS instrument, though ion etching tends to reduce metal oxides and 
one should be cautious in over etching of oxides. 
 
6.3.2 Optical band gap of CuO thin films 
 
The typical valence band spectrum of CuO thin films is shown in Fig.6.3.8(b), 
which evinces that p-type CuO thin films are deposited by RF reactive 
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magnetron sputtering technology. In order to confirm CuO thin films is 
successfully fabricated by using sputtering under the high O2 fraction 
condition, corresponding to region II and region III shown in Fig. 6.3.2, optical 
band gap of CuO thin films are illustrated in Fig.6.3.10 as well. Because CuO 
is a p-type indirect semiconductor, therefore, the absorption coefficient (α) 
and incident photon energy (hυ) have the following relationship: 
 
                                                    ߙଵ ଶ⁄ ∝ ݄߭ െ ܧ௚                                  (6-1) 
 
According to the equation, we get the optical band gap of 1.45eV for pure 
CuO thin films deposited under oxygen fraction of 47%. Meanwhile, the 
optical bad gap slightly varied from 1.45eV to 1.47eV with increasing of O2 
fraction in high O2 fraction region while sputtering. At last, we could 
successfully fabricated stable CuO thin films by RF reactive magnetron 
puttering method, which is in well accord with EDS, XRD and XPS results. 
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Fig. 6.3.10  Optical band gap of CuO thin films. (71.4%-1.45eV; 47.37%-
1.47eV). 
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6.3.3 Electrical properties of CuO thin films 
 
Fig.6.3.11 shows Hall properties of CuO thin films fabricated using different 
oxygen fraction conditions. All thin films showed a p-type characteristic for 
electrical conductivity, which is consistent with the observed XPS valence 
bands exhibiting the same position of the top of the valence bands at the 
Fermi level. One notes from Fig. 6.3.11 that a higher hole concentration 
corresponded to lower mobility, due to the inverse effect of carrier scattering 
at defects.  Referring back to Fig.6.3.2, it is seen that the near stoichiometric 
CuO films in region II demonstrated lowest carrier concentrations (in the 
order of 1015 cm-3) and highest carrier mobilities (2–6 cm2V-1s-1).    
 
According to first-principles calculations, the energetically favoured defects in 
CuO are Cu vacancies (VCu)[34], which induce shallow acceptor states by the 
top of the valence band. The existence of cupper vacancies leads to positive 
deviation of oxygen content. On the other hand, in oxygen deficient materials, 
Cu interstitial or oxygen vacancies are expected. As CuO is largely an ionic 
compound, charge transfer from the metal sites to the oxygen sites is behind 
the p or n type for electrical conductivity. Therefore, the existence of copper 
vacancies results in more oxygen ions to accept electrons, thus exhibiting p-
type conductivity. Existence of the copper interstitials or oxygen vacancies, 
however, leads to more electrons to be donated from metal to oxygen sites, 
and hence the associated n-type conductivity. However, their high energies 
of formation make their presence in CuO rather difficult. The fact that p-type 
characteristics was observed in all the CuO films in this work thus suggests 
that all of the CuO phase in the films of this work had at least the minimal 
oxygen content close to the stoichiometry. This is consistent with the EELS 
observation that all CuO phases in low or high oxygen sputtered thin films 
had nearly the same features in their Cu 2p spectra (Fig. 6.3.5).  In the low 
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oxygen films (region I in Fig.6.3.2), there appeared high copper phase/s such 
as Cu64O. It seems that the higher carrier concentration in region I is 
associated with the presence of such high copper phase/s. From region II to 
region III, increasing oxygen content led to increasing amount of copper 
vacancies, thus enlarging carrier concentration. Finally, when oxygen fraction 
in sputtering gas was higher than 60%, carrier concentration of CuO thin 
films tended to reach a plateau.  
      
The I-V characteristics of CuO thin films deposited using different oxygen 
fraction in the sputtering gas were measured with a typical two-probe method 
with copper contacts being deposited on the top of the films. The results are 
summarised in Fig. 6.3.12. For the thin films of the low carrier concentrations 
(region II in Fig. 6.3.2), for example the CuO film deposited using a sputtering 
gas containing 47% oxygen, the I-V curved showed a double Schottky 
feature. On the other hand, the I-V correlations were linear for films of high 
carrier concentrations (in either the region I or region III in Fig.6.3.2). This 
suggests that fundamentally, the junction between Cu and CuO is Schottky in 
nature. The ohmic I-V feature in films with high carrier concentrations was 
realised due to the narrowed space charge region at the junction, thus 
resulting in tunnelling effect for hole extraction from the semiconductor to the 
electrodes.   
 
The work function of p-type CuO is 5.2eV~5.3eV[35, 36], which is higher than 
that of Cu (4.5 – 5.1eV)[37]. The Schottky barrier between a metal and a 
semiconductor is controlled by the work function of the metal and the electron 
affinity of the semiconductor, so that the barrier according to the Anderson 
model is: 
 
                                  ߮஻ ൌ 	ܧ௚ ݍൗ ൅ 	߯ െ ߮௠                                   (6-2)  
 
Chapter 6: Fabrication and characterization of copper oxide thin films 
224 
 
Where ܧ௚the band gap, q is is elementary charge, ݍ߯ electron affinity of the 
semiconductor, and ݍ߮௠  defines the work function of the metal contact.  
According to the reported the data from the literature, the Schottky barrier is 
calculated to be 1.5 – 2.3 eV using the Anderson equation. The actual 
Schottky barrier is usually much lower than the Anderson value, due to 
charge screening and defects at the junction.  
 
The capability in controlling the hole concentration in CuO enables fine-
tuning of the width of space charge regions in devices based on either a pn 
junction, or a Schottky junction, so that harvest of solar energy could be 
realised by using a low cost materials system based on CuO, which is 
environmentally friendly and is of large resources. This lays a solid work 
basis in engineering delivery of high efficiency solar cells based solely on 
oxides. 
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Fig.6.3.11 Hall properties of CuO thin films deposited with different O2% in  
sputtering gas. 
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Fig.6.3.12 I-V characteristics ofCuO thin films deposited at different O2% in 
sputtering gas. 
      
 
 
 
 
 
 
 
       
-1.0 -0.5 0.0 0.5 1.0
-2.0
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0
C
ur
re
nt
 (
A
)
Voltage (V)
O2 in gas: 47%(a)
-1.0 -0.5 0.0 0.5 1.0
-6
-3
0
3
6
71%
63%
57%
C
ur
re
nt
 (
A
)
Voltage (V)
33%
(b)
Chapter 6: Fabrication and characterization of copper oxide thin films 
226 
 
6.3.4 Structure of the copper oxide thin films 
deposited by the RF reactive magnetron sputtering 
with a bias power 
 
10 20 30 40 50 60 70 80
2
(204) Cu4O3
10 20 30 40 50 60 70 80
111
2
002
-202
-113
-311
220 004
311
 
10 20 30 40 50 60 70 80
2
-111
-113 310
220 -222
311
peak2
peak1
10 20 30 40 50 60 70 80
2
peak1
-111
200
-113 310
113 004
311
 
Fig.6.3.13 Typical XRD patterns of copper oxides thin films: (a) as-deposited; 
(b) annealed at 250°C; (c) annealed at 350°C; (d) annealed at 400°C. 
 
The XRD detects the phase structure of copper oxides thin films deposited by 
RF reactive magnetron sputtering with a bias power. All XRD diffraction 
intensity is normalised before analysis, and the XRD pattern is shown in 
Fig.6.3.13(a). In the XRD pattern, only the diffraction peak located at 48.08° 
is detected, corresponding to the diffraction peak (204) of Cu4O3(PDF No. 
83-1665). Therefore, under the sputtering conditions, the deposited copper 
(a) (b) 
(d) (c) 
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oxide thin films are pure Cu4O3 thin films. Cu4O3 (or ܥݑଶାܥݑଶଶାܱଷଶି) belongs to 
the tetragonal crystal structure within a space group of I41/amd, which is a 
rare mineral in nature, but synthesising pure Cu4O3 can prove difficult using 
chemical methods in the laboratory. The structure of Cu4O3 is similar to that 
of anatase TiO2. Existing research has [38] indicated that Cu4O3 can be 
fabricated by RF reactive magnetron sputtering technology; through the 
adjustment of oxygen flow rates with high RF power (600 Watt). However, 
this research has found that the formation of Cu4O3 phase in the thin film is 
dependent on the bias power correlating with the low RF power (90 Watt) 
during the sputtering process. 
 
Cu4O3 thin films are also annealed at different temperatures (250°C, 350°C 
and 400°C) for 4hrs and 8hrs, respectively. The phase structure of these 
annealed thin films is also detected by XRD. All of the XRD diffraction 
intensities are normalized before analysis, and the typical XRD patterns at 
different annealing temperatures are shown in Fig.6.3.13 (c), (b) and (d). 
When Cu4O3 thin films are annealed at 250°C for 4hrs and 8hrs respectively, 
only the CuO phase is detected within the annealed thin films. This is 
independent of the heating time and the typical XRD pattern of Cu4O3 thin 
films annealed at 250°C, as shown in Fig.6.3.13(b). The main diffraction 
peaks located at 35.44°C, 38.84° and 48.68° correspond to the crystalline 
orientations of (002), (111) and (-113), respectively, of CuO (PDF No. 89-
5898). In addition, these CuO thin films, obtained through annealing Cu4O3 
thin films, are composed of polycrystalline- notably, different from that which 
is deposited by sputtering method. 
 
As the annealing temperature increases to 350°C, both Cu8O and Cu64O 
compounds are detected in the thin films, except for CuO phase, a process 
depicted in Fig.6.3.13(c). In the XRD pattern, the diffraction peak (name: 
peak1) located at 49.06° corresponds to the crystalline orientation (222) of 
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Cu8O (PDF No. 78-1588). The diffraction peak (name: peak2) located at 
39.12° corresponds to the crystalline orientation, (143) of Cu64O (PDF No. 
77-1898) and other diffraction peaks are also directly comparable to the 
crystalline orientations of CuO. In particular, the diffraction angle drifts from 
35.44°C to 35.62° and, consequently, the corresponding diffraction peak at 
this position also shifts from (002) to (-111). According to the relative intensity 
in the XRD pattern, the concentration of Cu8O in the annealed thin film is 
greater than that of CuO. 
 
When the annealing temperature of Cu4O3 thin films reaches temperatures of 
400°C, the Cu64O phase disappears and, as a result, only CuO and Cu8O are 
detected in the annealed thin films- as shown in Fig.6.3.13(d). In the XRD 
pattern, the diffraction peak located at 39.00° corresponds to to the 
crystalline orientation (002) of CuO. According to the relative intensity in the 
XRD pattern, the dominant phase is Cu8O in the annealed thin film. 
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Fig.6.3.14 EDS analysis of copper oxides thin films: O content under different 
annealing temperature. 
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Fig.6.3.14 illustrates the relationship between the oxygen content in both of 
as-deposited thin films, annealed thin films and the annealing temperature. 
Also,note the oxygen content in the thin film at room temperature is 
interrelated to the as-deposited Cu4O3 thin film, due to the deposition at room 
temperature. According to this relationship, the oxygen content in the thin film 
decreases as the annealing temperature increases, with the lowest oxygen 
content measuring at 49.2%. Thereafter, the oxygen content increases 
slightly as the annealing temperature rises due to the absence of Cu64O 
phase compared with the phase structure in the thin film annealed at 350°C. 
 
6.3.5 Optical band gap of copper oxide thin films 
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Fig.6.3.15. Optical band gap of copper oxide thin films (a) as-deposited; (b) 
250°C, 8hrs; (c) 350°C, 4hrs; (d)400°C, 8hrs, corresponding to 1.37eV, 
1.10eV, 1.02eV and 0.96eV. 
 
The optical band gaps of the Cu4O3 thin film and its annealed thin films on 
glass substrates are measurable through UV-visible equipment within a 
wavelength range of (200-1000)nm, depicted in Fig.6.3.15(a) ~ (d). Research 
has indicated that Cu4O3 is a p-type indirect semiconductor, with a band gap 
of 1.0eV ~1.4eV[39], equivalent to that of CuO. Therefore, the absorption 
coefficient (α) and photon energy (hυ) obey the following relationship: 
                                            
                                               ߙଵ ଶ⁄ ∝ ݄߭ െ ܧ௚                                (6-3) 
 
As a result, the optical band gap of Cu4O3 is 1.37eV. When Cu4O3 thin films 
are annealed, the optical band gap of said films becomes significantly 
decreased, from 1.37eV to 0.96eV. When the Cu4O3 thin film is annealed at 
250°C, the optical band gap of the thin film deviates from 1.37eV to 1.10eV. 
This is a result of the phase transformation from Cu4O3 to polycrystalline 
CuO. An annealing temperature increasing to 350°C leads to the optical 
band gap of the annealed thin film further decreasing to 1.02eV- a result of 
the presence of Cu8O and Cu64O. Finally, when the annealing temperature is 
400°C, the optical band gap of the annealed thin film is 0.96eV, by virtue of 
the presence of Cu8O.  
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6.3.6 Electrical properties of copper oxide thin films 
-2 -1 0 1 2
-3
-2
-1
0
1
2
3
C
ur
re
nt
(1
0-
4 A
)
Voltage (V)  
Fig.6.3.16 I-V characteristic of Copper oxide thin films with Cu electrodes. 
 
The I-V characteristics of Cu4O3 thin films with Cu top electrodes is 
measurable  by probe station, and the result is shown in Fig.6.3.16. It is 
indicative of ohnic contact behaviour. Therefore, the Hall properties of Cu4O3 
thin films are measurable using Cu as the top electrodes. 
 
Tab.6.1 The electrical properties of copper oxide thin films on glass 
substrates. 
Annealing 
temperature 
Carrier 
concentration 
/cm-3 
Mobility 
/cm2·V-1·s-1 
Resistivity 
/Ω·cm 
As-deposited 8.239E+20 2.958E-2 2.561E-1 
250°C 3.596E+19 8.672E-2 2.207E+0 
350°C 3.465E+17 4.272E-1 4.214E+1 
400°C 2.246E+18 6.722E-2 4.155E+1 
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The electrical properties of Cu4O3 thin films on glass substrates are 
measured using Hall measurement equipment, shown in Tab 6.1. The error 
of carrier concentration data of copper oxide thin films is ±4% of average. 
The error of mobility data of these thin films is ±30% of the average. The 
error of resistivity data of these thin films is ±2% of the average. The carrier 
concentration values of all copper oxide thin films are positive and, as a 
consequence, all copper oxide thin films are p-type semiconductors, in 
accordance with the equations (4-18a and 4-18b). The carrier concentration 
of the as-deposited Cu4O3 thin film is 8.239×1020cm-3, and its resistivity is 
around 0.256Ω·cm.  When the as-deposited thin film is annealed at 250°C, its 
carrier concentration is 3.596×1019cm-3, a concentration decreased by 1 
order of magnitude in comparison with those of the Cu4O3 thin film. This is a 
direct result of the phase transformation from Cu4O3 to polycrystalline CuO. 
However, compared to the carrier concentration of the as-deposited single 
crystal CuO thin film, the carrier concentration of the polycrystalline CuO thin 
film is raised by 3-5 orders of magnitude, a significant increase.  
 
With the annealing temperature increasing to 350°C, the carrier 
concentration of the annealed thin film decreases further to 1.121 ×1017cm-3- 
caused by the formation of both Cu8O and Cu64O. When the annealing 
temperature increased even further to 400°C, the carrier concentration of the 
thin film rose to 1.463×1018cm-3, which results from the absence of Cu64O. 
Fig.6.3.17 demonstrates the relationship between the carrier concentration of 
annealed thin films and their annealing temperature. The Hall mobility of the 
annealed thin films deviates in correspondence with the annealing 
temperature increasing, as shown in Fig.6.3.17.  
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Fig.6.3.17 Hall properties of copper oxide thin films under different annealing 
temperature conditions. Note that p is the carrier concentration, μ is the Hall 
mobility of thin films. 
 
6.3.7 The rectify performance of copper oxide - Al 
doped ZnO p-n heterojunction  
 
According to the above analysis, Cu4O3 is a p-type semiconductor. 
Therefore, Cu4O3 with n-type Al doped ZnO can form a p-n heterojunction. 
The electrical properties of Al doped ZnO thi film in the p-n heterojunction are 
1.387×1019cm-3, 16.5cm2·V-1·s-1 and 2.720×10-2Ω·cm, respectively. In the 
heterojunction, the majority carriers (electron) in the n-type semiconductor 
will diffuse to p-side. This is due to the carrier concentration gradient and the 
positive ionized donors near the junction being left uncompensated, resulting 
in the formation of a positive space charge region in the n-side, near the 
junction. In the mean time, majority carriers (holes) in the p-type 
semiconductor diffuse to the n-side and a negative space charge district in 
the p-side near the junction is formed. As a result, the space charge region in 
the p-n junction creates an electric field with a direction from the n-side to the 
p-side. Holes in the n-side drift to the p-side as a result of the electric field 
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and, in the mean time, electrons in the p-side drift to the n-side as well. 
Therefore, under the thermal equilibrium condition, the net current across the 
p-n junction is zero and, equally, the space charge region remains 
unchanged. The space charge region is called the depletion region in the 
junction. 
 
Under thermal equilibrium conditions, the electric filed in the p-n junction will 
create the electrical potential difference between the n-side and the p-side 
neutral regions. The electrical potential difference is referred to the built-in 
potential (ϕbi). The electrical potential energy difference is termed the barrier 
height of the p-n junction (qϕbi). In the p-n heterojunction, the built-in potential 
can be expressed as: 
 
                                       ݍ߶௕௜ ൌ ݍ߶௣ െ ݍ߶௡                                     (6-4) 
 
where ݍ߶௣  and ݍ߶௡  are the work function of p-type and n-type 
semiconductors, respectively. The width of depletion region (XD = Xn  + Xp) is 
given by: 
 
                                     ܺ஽ ൌ ට ଶఢ೙ఢ೛ሺேಲାேವሻ
మథ್೔
௤ேಲேವ൫ఢ೛ேಲାఢ೙ேಲ൯				                   (6-5) 
   and 
                                                    
௑೙
௑೛ ൌ
ேಲ
ேವ                                               (6-6) 
 
where Xn and Xp are the widths of space charge region in n-side and p-side, 
respectively. εn and εp are the semiconductor permittivity of n-side and p-
side, respectively. NA and ND are the acceptor concentration and the donor 
concentration in p-side and n-side. In the Cu4O3-Al doped ZnO p-n 
heterojunction, the carrier concentrations in the Cu4O3 and Al doped ZnO are 
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1020cm-3 and 1019cm-3. Therefore, in accordance with the equation (6-6), the 
width of negative space charge region (Xn) in the Al doped ZnO side is 10 
times than that of Xp in the Cu4O3 side. 
 
Fig.6.3.18(a) shows the current-voltage characteristics of Cu4O3-Al doped 
ZnO p-n heterojunction, which indicates the excellent rectifing performance in 
the junction. The forward current significantly increases in conjunction with 
increases in the applied voltage and the reverse current is the saturation 
current. The p-n heterojunction is similar to that of metal-oxide devices, as a 
result of of Xn»Xp and their low resistivity. Consequently, its I-V performance 
is determined by the themionic emission mechanism. According to the 
reverse saturation current, it is known that the conduction band energy of Al 
doped ZnO is higher than that of Cu4O3 at the interface of the p-n 
heterojunction, and the difference between the two is ∆Ec. As a result, the 
current density (J) of the p-n heterojunction can be expressed as: 
 
                                ܬ ൌ ܬ௦ ቂ݁ݔ݌ ቀ ௤௏௞బ்ቁ െ 1ቃ                             (6-7) 
                
                               ܬ௦ ൌ ݍ݊௡ට஽೙ఛ೙ ቄ݁ݔ݌ ቂെ
௤థ್೔ି∆ா೎
௞బ் ቃቅ                    (6-8) 
 
where Js is the reverse saturation current, which is independent on the 
applied voltage. nn, Dn and ߬௡  are the electron concentration, electron 
diffusion coefficient and electron lifetime in the Al doped ZnO thin film, 
respectively. V is the applied voltage.   
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Fig.6.3.18 The typical I-V performance of copper oxide-Al doped ZnO p-n 
junction (a) As deposited Cu4O3 thin films; (b) the annealed Cu4O3 thin films. 
 
Annealed Cu4O3 thin films form p-n heterojunction with Al doped ZnO thin 
film demonstrate a strong rectify performance, illustrated in Fig.6.3.18(b). 
Cu4O3 thin films annealed at 250°C, 350°C and 400°C, connected with Al 
doped ZnO thin films, shows the good rectify performance. However, the 
current decreases with the annealing temperature increasing, which results 
from the formation of other copper oxides phases. According to the I-V 
(b) 
(a) 
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measurement and analysis, it is known that the Cu4O3 is also a good 
candidate to fabricate diodes and PV cells,  with the exception of CuO. 
 
6.4 Conclusion 
 
Pure copper oxide thin films have been successfully deposited by RF 
reactive magnetron sputtering technology, through the adjustment of 
sputtering parameters. 
 
(1) When the copper oxide thin films are deposited without bias power, pure 
CuO thin films with black colour can be deposited by adjusting the O2 fraction 
during the sputtering process. The oxygen content in the thin film can be 
regularly changed by increasing the O2 fraction during the sputtering process. 
 
(2) The optical band gap of pure CuO thin films varies somewhat from 
1.45eV to 1.47eV in the high oxygen content region. The carrier 
concentration and hall mobility in the CuO thin film regularly differ, a 
relationship intertwined with O2 fractions increasing during the sputtering 
process. The I-V characteristics of CuO thin films with Cu top electrodes are 
also changed when the O2 fraction increases. When the O2 fraction is 
intermediate during the sputtering process, the contact behaviour of CuO thin 
films with Cu electrodes is schottky. When the O2 fraction is low or high 
during the sputtering process, the contact behaviour of CuO films with Cu 
electrodes is ohmic. 
 
(3) Pure Cu4O3 thin films with black colour are successfully deposited with a 
bias power. This research also investigated the effect of annealing 
temperature on structural, electrical, and optical properties of Cu4O3 thin 
films. The oxygen content in thin films, their optical band gap and electrical 
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properties are regularly changed in direct correlation with increases in the 
annealing temperature 
 
(4) The pure Cu4O3 thin film possesses high carrier concentration and low 
resistivity. The Cu4O3-Al doped ZnO p-n heterojunction has perfect rectify 
performance, which is independent of the annealing temperature. As a result, 
this research suggests that Cu4O3 is a good candidate to fabricated diodes 
and PV cells in the future 
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Chapter 7 Conclusions and future work 
 
7.1 Major findings 
Both Al doped ZnO thin films and pure copper oxides (CuO and Cu4O3) thin 
films have been successfully deposited by RF reactive magnetron sputtering 
technology. The most important findings are detailed as follows: 
1. Al doped ZnO thin films with high transmittance (over 90%) in the light-
visible region are successfully fabricated by the RF magnetron sputtering 
method with adjusting its sputtering parameters- targets categories, Al 
concentration in the target, RF power, and O2 flow. Al doped ZnO thin films, 
with a wide range of carrier concentration (1013cm-3 ~ 1020cm-3) and with 
wide range of resistivity (10-3  Ω·cm ~ 104Ω·cm), are adjusted by changing the 
sputtering parameters. 
2. When metal targets are used to deposit Al doped ZnO thin films during the 
sputtering process, the lower oxygen flow and lower Al RF power can be 
utilised to deposit thin films with higher carrier concentrations. When ceramic 
targets are used to deposit Al doped ZnO thin films during the sputtering 
process, the oxygen flow act as a key parameter to adjust the electrical 
properties of Al doped ZnO thin films. 
3. It’s guidance to select the Al doped thin film, with suitable electrical 
properties, as either the n-type window layer or electrodes in solar cells. 
4. CuO NWs are successfully fabricated on Cu sheets by a method of 
thermal oxidation, in air. For the CuO NWs growing, the heating parameters 
should meet the requirements of a temperature of ≥400°C, and a heating 
time of ≥6hrs. When CuO NWs are growing at 400°C, the relationship 
between the density of CuO NWs and the heating time obeys the parabolic 
law. In the structure of CuO NWs, it is composed of CuO NWs, a CuO top 
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layer and a Cu2O layer. The peeling-off of the CuO NWs layer from the Cu 
sheets results from the formation of Cu8O, and Cu64O, and so forth.   
5. CuO NWs can be successfully fabricated on the following substrates: FTO, 
Si, glass and Al doped ZnO thin film, through directing heating the Cu thin 
films deposited on them. Their growing parameters are the same as those of 
CuO NWs on Cu sheets. As the heating time increases, the Cu2O layer in the 
structure of CuO NWs will be continuously consumed. According to the XRD 
analysis, the structure of CuO NWs on these substrates is composed of CuO 
NWs and a CuO thin film layer after a long time period of heating. 
6. The optical band gap of CuO NWs growing on glass substrates exist in a 
range between 1.4eV and 1.8eV. The electrical properties of a single CuO 
NW are measured. The contact behaviour of both CuO NW and metal 
electrodes (Au and W) is schottky; and the relationship between the 
resistivity of a CuO NW and its diameters obeys the anti-parabola law. The 
mechanism of the resistivity of a single CuO NW is described as the surface 
scattering, and grain boundary scattering.  
7. The contact between the CuO NWs and Ag electrodes (silver paste) is 
schottky. Therefore, it can be used to fabricate the metal-semiconductor 
diodes. The carrier concentration of CuO NWs growing on glass substrates 
varies in the range between 1015cm-3 and 1017cm-3, with the heating time 
increasing from 6hrs to 48hrs. 
8. The p-n junction of CuO NWs-PCBM shows a strong and positive rectify 
performance- with the Isc, Voc and FF are 0.07μA, 0.1V and 23.4%, 
respectively. Therefore, the p-n junction can be used to fabricate PV cells. 
9. The phase structure of copper oxides thin films is dependent on the RF 
reactive magnetron sputtering parameters. When the copper oxide thin films 
are deposited without a bias power, pure CuO thin films with black colour can 
be deposited by adjusting the O2 fraction during the sputtering process. The 
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oxygen content in the thin film is regularly changed with the increase of the 
O2 fraction during the sputtering process. 
 
10. The optical band gap of pure CuO thin films is slightly varied- from 
1.45eV to 1.47eV- in the high oxygen content region. The carrier 
concentration and hall mobility in the CuO thin film are regularly changed, 
with the O2 fraction increasing throughout the sputtering process. The I-V 
characteristics of CuO thin films with Cu top electrodes are changed, with the 
O2 fraction increasing. When the O2 fraction is medium during the sputtering 
process, the contact behaviour of CuO thin films with Cu electrodes is 
schottky. When the O2 fraction is low or high during the sputtering process, 
the contact behaviour of CuO films with Cu electrodes is ohmic. 
 
11. Pure Cu4O3 thin films with black colour are successfully deposited with a 
bias power. Also investigated is the effect of annealing temperature on 
structural, electrical, and optical properties of Cu4O3 thin films. The oxygen 
content in thin films, their optical band gap and their electrical properties are 
regularly changed with the annealing temperature increasing. 
 
12. The pure Cu4O3 thin film possesses high carrier concentration, and low 
resistivity. For the first time, it is noted that the Cu4O3-Al doped ZnO p-n 
heterojunction has perfect rectify performance. This rectify performance is 
independent on the annealing temperature. As a result, Cu4O3 is a good 
candidate to fabricated diodes and PV cells in the future. 
 
7.2 Future work 
Considering the findings in this thesis, this paper suggests the following 
future resulting work: 
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On one hand, Al doped ZnO thin films, with a variety of carrier concentrations 
and electrical resistivity, have been obtained through adjusting the sputtering 
parameters. On the other hand, the structural, optical and electrical 
properties of copper oxides thin films have also been analysed in this paper. 
Therefore, both of CuO-ZnO and Cu4O3-ZnO p-n heterojuntions can be used 
to fabricated diodes and solar cells. According to the study of the effect of O2 
fraction on the properties of pure CuO thin films, CuO can also be utilised for 
the development of Metal, Metal oxide semiconductor didoes and solar cells. 
In general, the next stage of this work is the fabrication of solar cells, based 
on CuO. 
This is also a preliminary step in the fabrication of pure Cu4O3 thin films 
through the RF sputtering method, with a bias power. In the mean time, the 
properties of the pure Cu4O3 thin films are also studied. Despite of the fact 
that Cu4O3, as the rare mineral in nature, has been discovered for at least 
100 years, there is not any progress on the research of Cu4O3. Theoretical 
calculations on the structure of Cu4O3 indicate that the Cu4O3 is a p-type 
indirect semiconductor with a narrow band gap, but details on its structure 
should be investigated. Therefore, my future work on Cu4O3 is focused on 
the theoretical and experimental studies and developing diodes and solar 
cells based on Cu4O3. 
A simple PV cell based on CuO NWs-PCBM p-n heterojunction has been 
fabricated, which indicates that the junction can be used to fabricate PV cells. 
I will improve its properties to get the solar efficiency by adjusting the 
thickness of PCBM and the electrical properties of CuO NWs. In addition, 
CuO NWs also can be used to fabricate diodes based on the structure of 
Metal-Metal oxides.  
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